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Abstract 
        GaN and its heterostuctures have been intensively studied for wide applications. For 
example, InGaN/GaN quantum wells (QWs) have been used as active materials for light 
emitting diodes (LEDs) and laser diodes (LDs) from blue to green region while 
GaN/AlGaN QWs have been used for ultraviolet region. Meanwhile, nitrides are also 
very important materials for power electronic devices since such materials hold various 
advantage over competing semiconductor materials such as Si, GaAs, etc. Due to the 
above reasons, we believe GaN and its heterostructures will play crucial role for optics 
and electronics devices as silicon does for electronics. Thus, it is worthwhile to explore 
possibility of achieving different kinds of newapplications on GaN.  
        This dissertation is focused on optical study on GaN based materials, including GaN 
thin film, InGaN/GaN QWs, InGaN dot-in-a-wire nanostructures, GaN/AlN QWs, etc. 
More specifically, in Chapter 2, we report efficient broadband terahertz (THz)  generated 
in InGaN/GaN heterostructures due to spontaneous dipole radiation utilizing the strong 
internal field. Considering the normalized power, InGaN/GaN heterostructure is one of 
the most efficient materials for broadband THz generation. The correlated behavior 
between THz and photoluminescence (PL) has also been discussed. In Chapter 3, we 
present the study of PL upconversion from a free standing GaN and the mechanism has 
been attributed to phonon-assisted anti-Stokes photoluminescence (ASPL) if photon 
energy of pump laser is in the tail of absorption edge. The potential of laser cooling based 
on such phenomena has been explored. In Chapter 4, we have present detailed PL studies 
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on different kind of nitrides materials including InGaN/GaN QWs, GaN/AlN QWs, GaN 
thin film and BN powders.  In Chapter 5, we explore the possibility of nonlinear 
generation on GaN. A GaN/AlGaN multilayer waveguide has been designed to achieve 
transverse parametric conversion.  
        The objective of this dissertation is not only to study the mechanism of optical 
behavior of GaN based materials, but also to explore the potential application based on 
these experimental results.  
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Chapter 1.  Introduction   
 
1. 1.  Introduction of III-Nitrides  
        III-Nitrides especially GaN, InN, AlN and their alloys have attracted a lot of 
attention for at least past 20 years mainly due to various applications. In this section, we 
give a brief introduction about III-Nitride materials and their applications from light 
emitting devices to power electronics and etc.  
 
Fig. 1.1. The bandgap of the group III-nitride alloys as a function of the a-
axis lattice constant, compared to the visible colors, solar spectrum, and 
1.55 m wavelength. Figure from Ref. [1]. 
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1. 1. 1. Light emitting devices based on III-Nitrides 
        As is shown in Fig.1.1, the bandgap of GaN, InN, AlN and their alloy ranges from 
0.64 eV to 6.2 eV, which covers the whole spectrum of the sunlight. Such property 
ensures that III-Nitrides will have a lot of application in light emitting devices. Indeed, 
since Shuji Nakamura and co-workers from Nichia demonstrated the first visible blue and 
green InGaN double-heterostructure LED [1.2-1.4] from 1993 to 1995, and first pulsed 
and continuous wave (cw) InGaN/GaN current injection blue laser diodes (LDs) 
operating at room temperature [1.5] in 1996, researchers have intensively worked on III-
Nitrides devices in order to enhance conversion efficiency and enrich the spectrum. So 
far, LEDs based on III-Nitrides of which the emitting wavelength ranges from 210 nm to 
550 nm has been demonstrated. Due to its much higher efficiency, better color display, 
environmental friendliness compared to traditional incandescent and fluorescent lamps, 
the market of LEDs based on III-Nitrides has extremely expanded, see Fig. 1.2. It has 
been pointed out that if widely used, LEDs based on III-Nitrides can lead to a decrease of 
worldwide electricity consumption due to lighting by more than 50%. Thus it can be 
expected that the market of LEDs will continue to grow significantly in the next several 
years. Besides its demonstration from ultraviolet to green region, it is also worthwhile to 
mention that III-Nitrides have potential applications in infrared region owing to very low 
bandgap InN. 
        Although light emitting devices based on III-Nitrides have been well developed, 
some technique issues yet remain to overcome. Unlike heterostructures based on AlGaAs,  
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Fig. 1.2. Current and expected market of LEDs. Data from Yole 
developpement and IC Insights.  
wurtzite III-Nitride [0001]-oriented materials exhibit non-zero spontaneous polarization 
due to the asymmetric semiconductor crystal structure. Because of the lack of lattice-
matched substrate for nitride materials, the utilization of foreign substrate causes the 
lattice-mismatch between the substrate and the III-Nitride material, which induces the 
piezoelectric polarization in the III-Nitride materials. The total internal field inside 
InGaN/GaN and GaN/AlGaN heterosturctures is up to several MV/cm [1.6, 1.7]. 
        Such large internal field causes large charge separation in InGaN QWs, which 
significantly reduces the spontaneous emission radiative recombination rate for LEDs 
application and reduces the optical gain for laser application. Obviously, for these two 
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applications the internal field plays a negative role which drives some researchers to 
utilize novel structures of quantum well to reduce the effect of carrier separation. 
        However, as a coin always has two sides, such large electric field will benefit some 
specific applications. In next chapter, we will show how we can utilize such field to 
generate terahertz.  
   
1. 1. 2. GaN based high electron mobility transistor (HEMT) 
Need Enabling Feature Performance Advantage 
High Power/Unit 
Width  
Wide Bandgap, High Field Compact, Ease of Matching 
High Voltage 
Operation 
High Breakdown Field Eliminate/Reduce Step Down 
High Linearity 
High Frequency 
HEMT Topology 
High Electron Velocity 
Optimum Band Allocation 
Bandwidth 
High Efficiency High Operating Voltage Power Saving, Reduced Cooling 
Low Noise 
High Temperature 
Operation 
High Gain, High Velocity  
Wide Bandgap 
High Dynamic Range Receivers 
Rugged, Reliable, Reduced Cooling 
Thermal Management SiC Substrate High Power Devices 
         
Fig. 1.3. Advantages of GaN based high electron mobility transistor 
(HEMT). Figure from Ref. [1.8]. 
         As the market for cellular, personal communications services, and broad-band 
access are expanding, radio frequency (RF) and microwave power amplifiers are 
beginning to be the focus of attention. A variety of power amplifier technologies are 
vying for market share, such as Si lateral-diffused metal–oxide–semiconductors and 
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bipolar transistors, GaAs metal–semiconductor field-effect transistors (MESFETs), GaAs 
(or GaAs/InGaP) heterojunction bipolar transistors, SiC MESFETs, and GaN high-
electron mobility transistors (HEMTs). Among all these devices, GaN based HETMs 
holds many advantages according to Ref. [1.8], see Fig. 1.3. The first column of Fig. 1.3 
states the required performance benchmarks for any technology for power devices and 
the second column lists the enabling feature of GaN-based devices that fulfill this need. 
The last column summarizes the resulting performance advantages at the system level 
and to the customer. For example, the high power per unit width translates into smaller 
devices that are not only easier to fabricate, but also offer much higher impedance. This 
makes it much easier to match them to the system, which is often a difficult task with 
conventional devices in GaAs. The high-voltage feature eliminates or at least reduces the 
need for voltage conversion. GaN devices can be operated at high voltage (up to 42 V). 
The higher voltage operation results in high efficiency and reduces power requirement, 
and this advantage will also simplify cooling, an important advantage, since cost and 
weight of cooling system is a significant fraction of the cost of a high power microwave 
transmitter.         
        In simulation saturation velocity of electron inside GaN can be up to 3×107 cm/s. 
However, experimentally, the value rarely surpasses 1.5×107 cm/s. Some researchers 
pointed out due to stronger Frölich interaction, longitude phonon (LO) emission time in 
GaN is ten times shorter than that of GaAs while the LO decay time is similar [1.9]. Thus 
the LO phonon can be accumulated in GaN. Such phenomena have been observed by our 
group [1.10]. However, the strong Frölich interaction could be a benefit for some 
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conditions. In Chapter 3, we will show it could enhance the anti-Stokes 
photoluminescence.  
 
 
1. 2.  Organization of this dissertation   
        In this dissertation, I selectively summarize my research on optical study and novel 
applications on III-Nitride materials. 
        In Chapter 2, efficient broadband terahertz (THz) has been generated in InGaN/GaN 
heterostructures due to spontaneous dipole radiation utilizing the strong internal field. 
Considering the normalized power, InGaN/GaN QWs is one of the most efficient 
materials for broadband THz generation. Especially, we have generated THz in 
InGaN/GaN dot-in-a-wire nanostructures. The THz output has been further increased by 
external field. The correlated behavior between THz and photoluminescence (PL) has 
also been discussed.  
        In Chapter 3, we have studied PL upconversion from a free standing GaN and the 
mechanism has been attributed to phonon-assisted anti-Stokes photoluminescence (ASPL) 
if photon energy of pump laser is in the tail of absorption edge. The potential of laser 
cooling base on such phenomena has been explored.  
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        In Chapter 4, we have present detailed PL studies on different kind of nitrides 
materials including InGaN/GaN QWs, GaN/AlN QWs, GaN thin film and BN powders. 
For InGaN/GaN QWs, we have investigated the slow and fast decay by pump probe 
differential photoluminescence study. For GaN/AlN QWs, we have designed asymmetric 
QWs to enhance deep ultraviolet emission. In GaN thin film and BN powder, we have 
observed photoluminescence induced by multiphoton absorption.  
        In Chapter 5, we explore the possibility of nonlinear generation on GaN. A 
GaN/AlGaN multilayer waveguide has been designed to achieve transverse parametric 
conversion. 
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Chapter 2.  Broadband Terahertz Generation in  
InGaN/GaN Heterostructures  
 
2. 1.  Introduction 
        Terahertz (THz) generation and detection have been intensively studied for past two 
decades for realizing promising applications of THz waves in medicine, biology and 
security [2.1, 2.2]. A THz wave has its frequencies typically defined in the range from 
300 GHz to 3 THz, corresponding to the wavelength range from 1 mm to 100 µm. In 
general, THz source can be divided into two categories: narrow band and broad band 
THz [2.2]. Recently, both these two kinds THz source has been tried to generate on GaN 
based materials due to potential various benefits [2.3-2.12]. InGaN/GaN heterostructures 
in terms of quantum wells (QWs) has been intensively studied in past twenty years for 
their wide application in optoelectronics devices including light emitting diodes (LEDs) 
and laser diodes (LDs). One unique property for such heterostructures is, if grow along 
(0001) direction, an internal field up to several MV/cm is present inside in InGaN well 
[2.13]. Such large electric field will induce quantum confined Stark effect (QCSE), which 
will reduce the recombination efficiency due to separation of electron and hole wave 
functions [2.14-2.16], see Fig. 2.1. Obviously, for applications of laser diodes or light 
emitting diodes, such electric field is obstacle to achieve high efficiency or low threshold 
devices, which drives researchers to reduce the charge-separation effect by employing 
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novel QWs structure [2.17], [2.18]. Such built-in electric field in InGaN QWs can be a 
special advantage to achieve certain function without applying an external field. Here, in 
this chapter, we will show how we can utilize internal electric field inside InxGa1-xN/GaN 
heterostrctures to generate broadband THz. When the electrons are excited to conduction 
band, due to the separation behavior induced internal field, dipoles are generated. By 
using a femtosecond laser as pump source, dipole strength will change femtosecond 
range, resulting in efficient dipole radiation in THz range. The chapter will be organized 
as following: in section 2.2, we investigate the THz generation in different InGaN QWs. 
The THz output power, spectra, has been measured. By studying the THz output as 
function of pump power, polarization, azimuth and incident angle, number of QWs, and 
indium composition of inside QWs, the generation mechanism has been determined. In 
section 2.3, we investigate the THz generation from InGan/GaN dot-in-a-wire 
nanostructures. Although the generation mechanism is similar to that of InGaN QWs, the 
unique benefit of such structure has been discussed.  
 
Fig. 2.1. Bandgap diagram of InGaN/GaN QWs and a schematic shows 
how THz is generated by ultrafast laser.  
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2. 2.  THz generation in InGaN/GaN QWs 
2. 2. 1. Sample description and experimental setups 
        All samples studied in section are from Dr. Nelson Tansu’s group [2.19]. The 
growth of InGaN/GaN QWs structures was carried out on a 2.8-m-thick unintentionally-
doped GaN (background electron density of ~ 4x10
16
 cm
-3
) template on a c-plane 
sapphire substrate by metal-organic chemical vapor deposition (MOCVD), see Fig. 2.2(a). 
The growth of GaN template was performed at 1080 ºC by employing 35-nm thick low- 
 
Fig. 2.2. (a) A schematic of InGaN quantum wells. (b) Experimental 
setups. WP, PM stands for wave plate and parabolic mirror, respectively.  
temperature-grown (Tg = 525 ºC) GaN buffer layer. Subsequently, several periods of 
InGaN/GaN QWs were deposited on the GaN template by MOCVD at 700 ºC. Exact 
structures of InGaN QWs in addition to some control samples we studied in this project 
can be found in Table 2-1.  
        Broadband THz pulses were generated by a coherent radiation beam at the 
wavelength of 391 nm after frequency-doubling the output beam from a Ti:sapphire 
regenerative amplifier by a BBO crystal, see Fig. 2.2(b) for experiment setups. The 
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photon energy of such beam is higher than bandgap of InGaN well layer but lower than 
GaN barrier. The pulse duration is measured around 200 fs and repetition rate is 250 kHz. 
The excitation beam was then focused on top surface of InGaN/GaN QWs with the laser 
spot area between 2-3 mm
2
. The polarization of laser was tuned as parallel polarized by a 
half wave plate and incident angle was set as 70° to reduce the reflection. The THz 
radiation was collimated, and then, focused onto a 4.2-K Si bolometer or pyroelectric 
detector by a pair of gold-coated parabolic mirrors in reflection geometries. Meanwhile 
the photoluminescence (PL) signal of InGaN QWs was excited simultaneously via same 
beam and then collected through a single channel high resolution spectrometer connected 
with a photomultiplier (PMT). 
 
2. 2. 2. THz output power and spectra 
        In Table 2-1, we outline the THz output power from different samples for an 
average pump power of 400 mW at 391 nm. Comparing the THz output power of all 
InGaN QWs samples (Sample 1 to 9) with that of GaN thin film (Sample 10) or sapphire 
substrate (Sample 11), we can know the THz is only generated inside InGaN well. The 
highest THz output power is up to 0.956 W, generated by an eight-period 
In0.25Ga0.75N/GaN QWs. Considering the total effective thickness of this sample is only 
24 nm, we believe InGaN/GaN QWs is one of the most efficient materials for THz 
generation. If we normalize the THz output powers by the square of the pump power and 
thickness or InGaN wells, the normalized value is 10.4 nW/(nm
2·W2). We compared the 
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results from such InGaN QWs with InN thin film which has been considered as one of 
the most efficient materials for THz emission [2.20, 2.21]. Under a similar experimental 
setup, the highest average output power of InN was measured to be about 2.4 µW with a 
thickness of 220 nm and a pump power of 1.5 W [2.21]. The normalized value for such 
InN is only 0.022 nW/ (nm2·W2). Thus the generation efficiency in In0.25Ga0.75N/GaN 
QWs is nearly 500 hundred times than InN thin film which proves that InGaN/GaN QWs 
are one of the most efficient materials for broadband THz generation. We can also 
compare with the result of 180-nm In0.36Ga0.64N (Sample 12). The normalized THZ value  
Table 2-1. Structures and THz output power of various InGaN/GaN 
quantum wells and control samples. 
Sample Structures THz Power (nW) 
1 8-period In0.25Ga0.75N/GaN: 3/12 nm 956 
2 1-period In0.19Ga0.81N/GaN: 3/10 nm 5.95 
3 2-period In0.19Ga0.81N/GaN: 3/10 nm 11.6 
4 4-period In0.19Ga0.81N/GaN: 3/10 nm 34.5 
5 6-period In0.19Ga0.81N/GaN: 3/10 nm 62.5 
6 8-period In0.19Ga0.81N/GaN: 3/10 nm 98.2 
7 16-period In0.19Ga0.81N/GaN: 3/10 nm 297.6 
8 4-period In0.22Ga0.78N/GaN: 4.5/15 nm 127 
9 
In0.2Ga0.8N/In0.25Ga0.75N/In0.2Ga0.8N/GaN: 
1.8/0.9/1.8/15 nm, 4-period 
98 
10 350-µm GaN 1.6 
11 500-µm sapphire 0.23 
12 180-nm In0.36Ga0.64N thin film 112 
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Fig. 2.3. A typical spectrum of THz wave of 8-period In0.25Ga0.75N/GaN 
QWs measured by homemade gratings at room temperature. 
is also only 0.022 nW/ (nm2·W2). Such comparisons among the output powers generated 
from three samples reveal that the mechanism for the THz generation from the 
InGaN/GaN QWs must be fundamentally different from that for the InN and InGaN thin-
film samples.  Through more details analysis and discussion of mechanism in the 
following section, we will show the THz is generated by instantaneous dipole radiation 
induced by internal field. 
 
        We have measured the spectrum of the THz output beam generated by the 
In0.25Ga0.75N/GaN QWs by directly studying the diffraction of the THz beam by a set of 
the rotating gratings. Based on Fig. 1, we can see that the frequencies of the THz output 
roughly span the frequency range from 300 GHz to 1.5 THz. The huge dip located at 520 
m (577 GHz) is caused by water vapor absorption.  
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2. 2. 2. THz output as a function of incident & polarization angle of laser and 
azimuth angle of sample 
         In order to understand the mechanism for the THz generation in our InGaN/GaN 
QWs, we first measured the output power of the THz beam propagating in the 
transmission direction as a function of the incident angle for the pump beam, as shown in 
Fig. 2.4(a). According to Fig. 2.4(a), when the incident angle for the pump beam was 
zero, the THz output power was close to zero. The highest THz output power occurred at 
an incident angle of 72º, which is close to the Brewster angle for the pump beam. After  
 
 
 
 
 
Fig. 2.4. (a) THz output power generated by In0.25Ga0.75N/GaN multiple 
QWs was measured as a function of incident angle defined as the angle of 
surface normal being formed with the pump beam. Dots correspond to 
data points. Red curve corresponds to fitting by using PTHz = f(θ)sin
2(θ). (b) 
Polarization dependences of THz output power generated by 
In0.25Ga0.75N/GaN multiple QWs and THz polarization angle. Polarization 
angle of pump beam is defined as the angle between the pump polarization 
and the incident plane. Polarization angle of THz wave, defined as the 
angle between the THz polarization and the incident plane, was 
determined by wire-grid polarizer. Squares designate average output 
power as function of pump polarization. Dots correspond to polarization 
angle of THz beam measured versus pump polarization. Solid curve is a 
theoretical result after taking into consideration Fresnel reflection. 
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taking into consideration the Fresnel reflection for the pump beam, the THz output power 
(PTHz) can be approximated by PTHz = f(θ)sin
2(θ), where f(θ) describes the contribution 
originating from the Fresnel reflection of the pump beam and sin
2
(θ) represents a typical 
angle distribution of the dipole radiation. The experimental data can be well fitted by 
using above equation, which is illustrated by Fig. 2.4(a). Thus, we can conclude that the 
angular distribution of the THz radiation is consistent with that of the THz generation due 
to the dipole radiation.            
        Besides the angular distribution of the THz radiation, we also measured the 
dependences of the THz output power and polarization on the polarization of the pump 
beam and azimuth angle. Fig. 2.4(b) illustrates our result following the measurement of 
the THz output power as a function of the pump polarization angle in the reflection 
geometry. In such a case, we set the incident angle to be around 72º in order to collect the 
maximum amount of the THz output power. One can see from Fig. 2.4(b) that the THz 
output power periodically oscillates as a function of the pump polarization angle. After 
taking into consideration the Fresnel reflection of the pump beam, our data can be well 
fitted by our theoretical curve, as shown by Fig. 2.4(b). This implies that the oscillation 
of the THz output power as a function of the pump polarization angle is primarily caused 
by the dependence of the Fresnel refraction on the polarization angle of the pump beam. 
Therefore, the dependence of the THz output power on the pump polarization angle is 
consistent with that of the THz generation due to the dipole radiation. Furthermore, one 
can see from Fig. 2.4(b) that the THz polarization angle is always around zero, i.e. the 
THz output beam was p-polarized with its polarization lying in the incidence plane. This 
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is again consistent with our claim that the mechanism of THz generation is the dipole 
radiation. 
        We measured the dependences of the THz output power and polarization angle on 
the azimuth angle from the In0.25Ga0.75N/GaN QWs in the reflection geometry. During 
these measurements, we set the incident and polarization angles of the pump beam to 35º 
and 0º, respectively. According to Fig. 2.5, we can see that both the THz output power 
and the polarization angle do not change when increasing the azimuth angle. Such results 
 
Fig. 2.5. Dependences of THz output power and THz polarization on 
azimuth angle for In0.25Ga0.75N/GaN QWs. Squares correspond to average 
output powers whereas dots represent polarization angles of THz beam. 
are also consistent with the THz generation due to the dipole radiation. Indeed, different 
azimuth angles would not affect the densities of the photogenerated electrons and holes, 
and therefore, they would not affect the THz output power and polarization. 
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        In conclusion of this part, the THz output as a function of incident and polarization 
angle of pump laser, and azimuth angle of sample supports dipole radiation as a 
generation mechanism. 
 
2. 2. 3. Calculation of THz output power in InGaN/GaN QWs based on dipole 
radiation 
In this subsection, we will derive an equitation based on dipole radiation to calculate 
absolute THz output power emitting from InGaN QWs. 
According to the theory of dipole radiation, the time-dependent THz power radiated 
in all direction can be evaluated by:  
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where ε0ε is the static permittivity of the medium, c is the light velocity, and D(t) is time 
Assuming the laser peak power is I(t), we can get: 
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                                                (2-2) 
where the α is absorption coefficient, and L is the total thickness of QWs. d represents the 
distance between the electrons and holes. In our calculation, d is set as the initial 
displacement between the weighted maxima of the electron and hole wave functions. For 
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a 3-nm InGaN QWs the initial separation of the electron and hole wave function can be 
larger than 1 nm [2.22]. Assuming that the laser has a Lorentzian shape in time scale, I(t) 
can be expressed as: 
  0 2
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I t I
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                                                        (2-3) 
where   is pulse width.    can be calculated by: 
                                                                    (2-4) 
where J is single pulse energy, which is equal to average power divided by laser 
repetition frequency. After solving   , we can substitute equation (2-2) and (2-3) into 
equation (2-1). Finally through equation (2-1), we can get the average THz output power 
is:  
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where d is average separation of electron and hole wave functions, F is the repetition 
frequency, I is average pump power. Substitute into the all experiment value in our setup, 
the average THz output for our experiment setup is about 60 µW. Such power is much 
higher than we measured form experiment, i.e. 1 µW. Such a discrepancy is attributed to 
the partial collection of the THz beam by the parabolic mirrors and other loses. From 
equation (2-5), we can also know how to increase the THz output power. For example, 
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the pulse width of our laser is around 200 fs. If we reduce it to 100 fs which is typical 
used for broadband THz generation. In such case, the THz output power will be increased 
8 times, which is 480 µW. We can also increase the number of QWs to absorb the total 
pump power, for our 8-period In0.25Ga0.75/GaN QWs only half of pump laser is absorbed. 
So we can increase the THz output power for another 4 times which is up to 2 mW. From 
the same equation, we know the THz output power is also proportional to square of 
separation of electron and hole wave functions, i.e. d. The separation can be increased by 
increasing the indium composition in InGaN alloy. If we take a look at the THz output 
power of sample 1 and sample 6, by increasing the 6% indium, the THz output power has 
been increased for 10 times. 
 
2. 2. 4. Correlated behavior between THz and PL   
        To further understand the behavior of THz generation, we also simultaneously 
measure the PL signal during the experiment. For sample 1, when we move the laser spot 
in the different position, the signal intensity of THz and PL will both change. The 
interesting part is THz output power and PL intensity has opposite behavior. As is shown 
in Fig. 2.6(a), the spot which has low PL intensity which always has high THz output 
power and vice versa. We claim such phenomenon is consistent with our THz generation 
mechanism. 
        When a transverse electric field is added on QWs, the electrons and holes are pulled 
up to opposite direction. Thus, the overlap of electron and hole wave functions will 
- 22 - 
 
reduce. As a result the recombination rate also decreases, i.e. PL intensity. Meanwhile, 
the peak wavelength of emission spectrum is red shifted. Such effect is named as 
quantum confined Stark effect (QCSE) [2.23]. Basically, PL intensity will reduce if 
transverse electric field is increased. However for THz generation, as we analyzed in last 
section, the output power should increase with the separation of electron and hole wave 
functions. Because sample 1 is not uniform, the indium composition may be modulated in 
different positions which results in different electric field. Thus the THz and PL intensity 
is also modulated but in opposite direction.  
 
                              
Fig. 2.6. (a) THz output power and PL intensity at 10 different position of 
8-period In0.25Ga0.75N/GaN QWs. (b) PL intensity of conventional and 
staggered InGaN/GaN QWs. 
        To further confirm such tendency, we design a pair of InGaN QWs named as 
staggered (sample 9) and conventional QWs (sample 8) of which the structures are also 
listed in Table 2-1. As we just explained, a transverse field will reduce overlap of 
electron and hole wave functions due to QCSE, resulting in poor radiation efficiency. 
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Thus, in most cases, the internal field will be obstacle to fabricate a device with high 
efficiency and low threshold. Thus, our collaborator has designed so called staggered 
QWs which will enhance the PL intensity by increasing the overlap of electron and hole 
wave functions [2.17, 2.18]. Indeed, we do observe the PL signal is enhance in staggered 
QWs, see Fig. 2.6(b). While for THz, through above analysis, we know it should reduce 
with if you increase overlap of electron and hole wavefucntions. In experiment, the THz 
output power does reduce about 30% in staggered QWs compared to conventional sample. 
        We also designed a set of InGaN/GaN QWs with different wellnumbers to see how  
   
Fig. 2.7. (a) PL spectra of InGaN quantum wells with different periods 
measured at room temperature. (b) PL intensity and THz output power 
versus well period. Red triangular corresponds to PL intensity and blue 
cross corresponds to THz output power. The pump fluence is set as 85 
µJ/cm
2
. 
it will change THz output power and PL intensity. The structures are listed in Table 2-1 
as sample 2 to 7. The indium composition and thickness of barrier and well are exactly 
same. We have first investigated the PL spectrum of each sample under room temperature. 
As shown in Fig. 2.7(a), the emission peak of each sample is located around 472 nm. The 
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multiple peaks modulation is induced by Fabry–Pérot resonance. The PL intensity scales 
up when the well period is increased up to 4. However when we further increase the well 
period up to 16, the PL intensity significantly saturates, see Fig. 2.7(b).  Such saturation 
could be caused by increased density of threaten dislocations. Namely, when the 
thickness of QWs scales up, the accumulated stain will be increased which leads to 
higher density of threaten dislocations. For terahertz generation, as we can observe from 
Fig. 2.7(b), the output increases more than linearly even the period of QWs is added up to 
16. We have attributed the THz generation mechanism to instantaneous generation of 
spatially-separated electron-hole pairs resulting in efficient dipole radiation. As is well 
known, the output power for dipole radiation is proportion to square of dipole density. 
Thus, under such explanation, if we further assume that in each well the absorption is 
constant and there is no phase difference for generated THz wave, the THz output power 
should be quadratically dependent on well period. The assumption that phase difference 
of generated THz wave in each QW is negligible makes sense since the total thickness of 
QWs is much smaller than wavelength of THz. Furthermore, unlike PL, the THz is 
generated in absorption process not in radiation process in InGaN QWs. Since the 
threaten dislocations will only influence radiation process, THz output power will 
continuously increase even the PL already saturates. Thus, in principle, we can further 
increase indium composition in InGaN well to enhance the internal field without 
worrying about the sample quality to scales up THz generation.  
        The dependence of the THz output power of 16-period InGaN QWs (sample 7) on 
pump fluence is shown in Fig. 2.8(a). Initially for pump fluence up to 40 µJ/cm
2
, the THz 
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output power quadratically increases with pump fluence, see the red fitting curve in Fig. 
2.8(a). When pump fluence is further increased up to 85 µJ/cm
2
, a slight deviation to 
quadratic fitting is observed. Such deviation has been attributed to screening effect 
induced by photo-generated electron-hole pairs and been supported by blue-shift of PL 
peak energy [2.22]. Here we have also plotted the peak energy of PL versus pump 
fluence, see blue dots of Fig. 2.28(b). The peak energy for such 16-period InGaN QWs 
exhibits a 60 meV blue-shift which appears to support the hypothesis of screening effect. 
However, according to theoretical calculation [2.24], screening effect will increase the 
effective absorption coefficient, which in definition is proportional to ratio of integrated 
PL intensity with pump fluence. Thus under such calculation, we should expect the 
integrated PL intensity will scale up more than linearly when the pump fluence is 
increased. In experiment, apparently the integrated PL intensity scales up less than linear 
with pump fluence, see red triangle of Fig. 2.8(b), indicating that absorption coefficient is 
         
Fig. 2.8. (a) THz output power as a function of pump fluence. The crosses 
correspond to experiment data. The red curve corresponds to a quadratic 
fitting for first ten data points. (b) Integrated PL intensity and peak energy 
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as a function of pump fluence. The red triangles and blue dots correspond 
to PL intensity and peak energy, respectively. 
actually reduced, which is not in consistent with screening effect. In a recent pump-probe 
experiment on similar InGaN QWs, the reduction of absorption has been observed for a 
pump fluence as low as 0.19 mJ/cm
2 
and explained by increased density of hot carriers 
[2.25]. Thus from the dependence of integrated PL intensity on pump fluence, we may 
also draw a conclusion that the deviation or saturation is induced by decrease of 
absorption coefficient. 
        The conflict conclusions from PL reveal that monitoring PL signal may not be a 
good way to address the dynamical screening effect in THz generation process, since 
THz is only generated in absorption process and PL is not only influenced by absorption 
process but also by recombination process. Indeed, the recombination mechanism is still 
not fully understood in InGaN/GaN QWs. It is widely believed that the localized state 
plays an important role in emission process [2.26-2.28]. Such localized state will induce a 
band tail filling effect, resulting in blue shift when increasing pump power. Therefore the 
blue shift of InGaN/GaN QWs has been attributed to a combination result of screening 
effect and band tail filling effect [2.29]. In our detailed PL study on a similar InGaN 
sample, the dominant PL peak is explained by recombination of localized state [2.30]. 
Thus we may over emphasize the screening effect if only monitoring the blue-shift of PL 
peak. 
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        An alternative method to determine screening effect is to measure the spectra of 
THz output of InGaN QWs at different pump fluencies. It has been pointed out in theory 
that, dramatic broadening and shift of THz spectra will be observed with increasing pump 
    
Fig. 2.9. (a) THz spectra measured at pump fluencies 11, 22, 43, 91 
µJ/cm
2
. (b) THz energy density generated per well as function of pump 
fluence. 
fluence if dynamical screening is strong absorption process [2.24]. Under such 
predication, The THz spectral band width could far more exceed the bandwidth of 
excitation laser. We have measured the THz spectra under several different pump 
fluencies by a homemade sub-millimeter diffraction grating system. Such system allows 
us to detect whole THz spectra even if the bandwidth of THz is beyond the laser spectra, 
which is difficult to achieve in electro-optic sampling system if same laser is used to 
generate and sample the THz output. As is shown in Fig. 2.9(a), when the pump fluence 
is increased from 10 µJ/cm
2
 to 90 µJ/cm
2
, within the accuracy of our measurements, we 
do not observe a bandwidth broadening or frequency shift of THz spectra, which proves 
that, in our experiment, the screening effect induced by photogenerated electron-hole 
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pairs is negligible. Note that, our conclusion is not in conflict with Ref. [2.24], since the 
lowest fluence used in their calculation which only causes a small screening behavior is 
still about two times as large as the highest value in our experiment.  
        In order to see strong screening effect, we have reduced laser spot area to increase 
the pump fluence up to 1 mJ/cm
2
. A full saturation behavior of THz output power was 
observed when the pump fluence is about 0.6 mJ/cm
2
. This saturation pump value is 
agreed with Ref. [2.24]. Because of the screening effect, the highest THz energy can be 
generated in single pulse is limited by the total static energy originally stored in 
InGaN/GaN QWs. According to a simple capacitor model, the total energy stored in our 
InGaN QWs is estimated at least to be ~100 nJ/cm
2
. Experimentally, the saturation value 
of THz energy density generated on each well, is only about 0.02 nJ/cm
2
, see Fig. 2.9(b), 
which is 5000 times of magnitude lower than the theory value. Thus the screening effect 
is not the only mechanism to limit the THz output. One major reason is that a large 
amount THz output may not be collected in our experiment setup because of THz total 
reflection on sample surface. Indeed, since the built-in field is always perpendicular to 
sample surface, the most efficient radiation direction is along surface which can hardly be 
coupled out. In addition, we believe that free carriers inside GaN template or 
photogenerated carriers inside QWs will also absorb partial of THz output. Previously, 
the increase in the absorption of THz wave by photogenerated carriers was investigated 
and evidenced in GaTe [2.31] and InN materials [2.21]. Such mechanism can also explain 
the reduction of THz output power when the pump fluence is higher than 0.6 mJ/cm
2
, as 
shown in Fig. 2.9(b). When the total screening is achieved, if increasing pump fluence, 
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more carriers will be generated but no more THz will be further generated. Since the 
more carriers will only increase the absorption, the THz output power will reduce. 
 
2. 3.  THz generation in InGaN/GaN dot-in-a-wire nanostructure 
        THz has been benefited from nanomaterials and nanofabrication for generation, field 
enhancement, imaging, detection and other novel applications [2.32-2.41]. Since the 
wavelengths of the THz wave are at least four orders of magnitude larger than the typical 
dimension of the nanostructures emitting the THz wave, it is very important for us to 
investigate THz generation from the nanostructures as the dimension is further scaled 
down to the atomic scale. Recently, broadband THz waves were generated by 
nanomaterials such as tubular Pb(Zr,Ti)O3 nanostructures [2.42], plasmonic nanoparticle 
arrays [2.43], and an InN nanorod array [2.44]. Despite of these progresses, fundamental 
on THz generation from nanomaterials must be investigated in order to achieve the 
ultimate nanostructures in terms of normalized output power and conversion efficiency. 
        In this section, we report our recent experimental results following the investigation 
of broadband THz generation from InGaN/GaN dot-in-a-wire nanostructures. 
 
2. 3. 1. Sample description and experimental setups 
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       Catalyst-free InGaN/GaN dot-in-a-wire heterostructures were grown directly on 
Si(111) substrates under nitrogen rich conditions by radio frequency plasma-assisted 
molecular beam epitaxy (MBE). The InGaN quantum dots were grown at relatively low 
temperatures (600-640 °C) to enhance the In incorporation. Ten vertically aligned 
InGaN/GaN dots were incorporated in the device active region, see Fig. 2.10(a). The dot 
height is ~3 nm, and the thickness of the GaN barrier layer is ~3 nm. The dot widths are 
in the range of ~20 to 40 nm, depending on the wire diameters and also growth 
conditions. A 45°titled scanning electron microscopy (SEM) image of the InGaN dot-in-
a-wire heterostructures grown on a Si(111) substrate is shown in Fig. 2.10(b). The areal 
density of the nanowires is estimated to be ~11010 cm2. Detailed structural 
characterization of the InGaN dot-in-a-wire nanoscale heterostructures is described in Ref. 
[2.45]. For THz and PL measurement, the setup is same as what we used for InGaN/GaN 
QWs, see Fig. 2.2(b). 
 
2. 3. 2. THz output power and spectra 
        We first measured the THz signal from three different samples. Sample 13 is GaN 
nanowires without InGaN dots. Sample 14 is grown under same condition with ten 
InGaN dots inside wire. The third sample has same structure as sample 14. However the 
top and bottom section of GaN nanowire of sample 15 are doped with Mg and Si, 
resulting in p-type and n-type regions respectively.  
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        The THz output powers generated by these three samples are listed in Table 2-2. As 
we can see, the GaN nanowires without InGaN quantum dots basically have no THz 
output. On the other hand, the THz output powers for two InGaN/GaN dot-in-a-wire        
samples are about 45 nW and 330 nW under an average pump power of 400 mW. A 
typical spectrum measured by a grating system is illustrated in Fig. 2.11(a), covering the 
wavelength range from 200 µm to 1000 µm. Comparing the experiment results among 
 
Table 2-2. THz output and PL information of InGaN/GaN dot-in-a-wire. 
PTHz stands for THz output power. I, λ and ΔE designate integrated 
intensity, peak wavelength of PL, and blue shift of the peak induced by 
increasing pump power, respectively. 
Sample PTHz (nW) IPL (a.u.) λ (nm) ΔE (meV) 
13 0.7 N/A N/A N/A 
14 45 2.61 547.7 71 
15 350 1 558.1 91 
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Fig. 2.10. (a) A low magnification bright field scanning transmission 
electron microscopy image showing the position and vertical alignment of 
the InGaN dots in a GaN nanowire. (b) A 45° tilted scanning electron 
microscopy image showing the morphology of the InGaN/GaN dot-in-a-
wire heterostructures grown on a Si (111) substrate. 
 
such three samples, we can first draw a conclusion that the THz wave is primarily 
generated by InGaN QDs. Considering the effective length of each quantum wire 
containing the ten vertically-aligned quantum dots to be about 30 nm, these dot-in-a-wire 
nanostructures are extremely efficient for the THz generation. For comparison, we have 
investigated the THz generation from a 180-nm In0.36Ga0.64N thin film. According to our 
result, the output power is measured to be 112 nW. If we normalize the THz output 
powers by the square of the pump power and length of the wires, the normalized output 
power generated by the InGaN dot-in-a-wire structure is more than 100 times larger than 
that from the In0.36Ga0.64N thin film. We have also compared the results from the dot-in- 
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Fig. 2.11. (a) Typical THz spectrum emitted by InGaN/GaN dot-in-a-wire. 
(b) THz pump power vs. pump power or fluence. Cross corresponds to 
experiment result and curve is quadratic fitting. 
a-wire structure and InN thin film which has been considered as one of the most efficient 
materials for THz emission. Under a similar experimental setup, the highest average 
output power of InN was measured to be about 2.4 µW with a thickness of 220 nm and a 
pump power of 1.5 W.The normalized output power from the dot-in-a-wire structure is at 
least two orders of magnitude higher. If further taking it into consideration that InGaN 
dots only fill around the tenth of the entire sample area, the radiation power from our 
InGaN/GaN dot-in-a-wirestructure is four orders of magnitude higher than that from the 
InGaN or InN thin film. Even compared to 8-period In0.25Ga0.75N/GaN, this normalized 
value is 5 times larger. 
        To find out the underlying reason why the THz output power from the doped sample 
is significantly higher than the undoped sample, we should first determine the mechanism 
for the THz radiation from these three samples. Broadband THz generation in 
semiconductor materials under excitation of ultrafast laser pulses can originates from 
either photocurrent surge or optical rectification [2]. However, the mechanisms for the 
THz generation from InGaN/GaN dot-in-a-wire structures are completely different from 
these two mechanisms above. 
        To rule out optical rectification as a possible mechanism, we simply set the pump 
laser wavelength to 782 nm by removing the nonlinear crystal as a frequency-doubling 
medium. At such a wavelength, the THz output power is close to several ten picowatts. If 
the THz is generated by optical rectification, we should able to observe efficient THz 
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conversion if the photon energy is below the effective bandgap of the InGaN quantum 
dots. We have ruled out photocurrent surge as a possible mechanism. Indeed, the photon 
energy corresponding to the laser wavelength 391 nm is higher than the bandgap of the 
InGaN QDs, but lower than that of the GaN barrier. The carriers generated by the laser 
beam are localized inside the dots which do not contribute to photocurrent inside each 
quantum wire. In 8-period InGaN/GaN quantum wells (QWs) having the total thickness 
of the wells being 24 nm studied by us previously, the THz output power is about 10 
times higher than that of a 180-nm InGaN film. If the THz wave inside the InGaN well 
were generated by photocurrent, the thicker InGaN film would be more efficient than the 
InGaN QWs for the THz radiation. Such a comparison further supports our claim that 
photocurrent can be ruled out. 
        For our InGaN dot-in-a-wire structures, the width of the dots is one order of 
magnitude larger that its thickness, making it function as a quasi-QW structure. Thus, the 
internal field of such nanostructure can be as large as that inside the InGaN/GaN QWs. 
Obviously, for light emitting devices based on an InGaN/GaN heterostructure, the built-
in electric field causes light emission efficiency to dramatically drop since such a field 
spatially separates electron and hole wave functions resulting in the dramatic reduction in 
the efficiency of electron-hole recombination. In contrast, the same large internal field in 
InGaN dots are exploited by us to efficiently generate THz waves. Assuming that a pair 
of electron and hole is generated, due to the separation of the electron and hole induced 
by the large internal field, a dipole is generated. the nanostructure is under the excitation 
of femtosecond pulses, the dipole moment changes in a femtosecond time scale, which 
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results in efficient dipole radiation in the THz frequency range. Thus the generation 
mechanism is same as THz generation inside InGaN/GaN QWs. InGaN/GaN dot-in-a-
wire structure has some obvious advantages over the InGaN QWs. First, THz waves 
generated by the InGaN/GaN dots could be more efficiently radiated out due to the 
significant increase in the effective emitting area [2.44]. Second, compared to the QWs, 
QDs are really three-dimension nanomaterials which could be used as a quasi-point THz 
emitter. Indeed, the total power radiated by ten QDs may reach 10 pW, which is 
significantly higher than the noise level of the detector based on QDs [2.46]. Moreover, 
by carefully designing an array of QDs, the THz output power can be dramatically scaled 
up. Therefore, by nano-engineering arrays of QDs, nanoemtters and nanodetectors could 
be integrated into the same chip, which can be eventually used for realizing a number of 
unique applications. For example, two wires with uniquely-designed QDs can be placed 
at the two focuses of an ellipsoidal mirror. One is an emitter while the other is a detector. 
The THz output from the emitter can be completely collected by the receiver. Such a 
nanosystem can be used for sensing applications.   
By p-type and n-type doping in the top bottom layers of the GaN wire, respectively, 
a p-n junction is formed. Such a p-n junction creates an additional electric field with its 
direction being the same as that of the built-in field. The net increase in the electric field 
results in a larger separation between the photogenerated electrons and holes. According 
to equation (2-5), the larger separation further increases the radiated power. Previously, 
broadband THz generation was observed on Si p-n junction [2.47]. In our experiment, the 
THz power is enhanced by the increase in the electric field inside the InGaN QDs. To 
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support our claim, we have measured photoluminescence (PL) from the dot-in-a-wire 
nanostructures. As shown in Fig. 2.12(a) and Table 2-2, we have observed the slight 
redshift of the peak energy of the doped sample. Meanwhile, the PL intensity is weaker 
than that from the undoped sample. As the electric field is increased, the transition energy 
is red-shifted owing to QCSE. In addition, due to the further separation between the 
photogenerated electrons and holes, the overlap between the wave functions of the 
electrons and holes is reduced, resulting in the reduction in the PL intensity. 
In our experiment, both samples exhibit blue shift when the laser power is increased 
to 20 mW, see Fig. 2.12(b). As mentioned above, the photogenerated carriers effectively 
screen the internal electric field. Therefore, as the carrier density is increased, the net 
electric field is reduced due to the screen effect. Due to QCSE, the transition energy is 
blue-shifted. According to Fig. 2.12(b), the amount of the blue-shift for the doped sample 
is significantly larger than that for the undoped sample. This is clear evidence that the net 
electric field inside the QDs of the doped sample is significantly larger. To further 
increase the THz output power, we fabricated an InGaN/GaN light emitting diode (LED), 
see Fig. 2.13(a), (b)&(c). The InGaN/GaN dot-in-a-wire 
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Fig. 2.12. (a) Typical PL spectrum of doped and intrinsic InGaN/GaN dot-
in-a-wire nanostructure. (b) Energy of PL peak vs. pump power of doped 
and intrinsic InGaN/GaN dot-in-a-wire nanostructure.  
arrays were first planarized using a polyimide resist layer by spin-coating, followed by an 
appropriate dry etching process to reveal the top GaN:Mg sections of the dot-in-a-wire 
heterostructures. P- and n-metal contacts, consisting of Ni/Au/indium tin oxide (ITO) and 
Ti/Au layers, were then deposited on the exposed wire surface and the backside of the Si 
substrate, respectively. The size of device is 11 mm2. Detailed structural 
characterization and device fabrication of the dot-in-a-wire nanoscale heterostructures is 
described in Ref [2.45]. The performance of such a device can be evaluated by adding 
forward electric field, which shows clearly luminescence in the green to yellow regions. 
As is shown in Fig. 2.13(d), when the reverse field is increase up to 5 V, the THz output 
power is enhance by a factor of 4.2. Such a result indicates that under the reverse bias, the 
electric field produced by the external bias is in the same direction as that for the internal 
electric field. This is consistent with the mechanism for the THz generation. In contrast, 
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for the efficient light emission, a forward bias must be applied. However, in such case the 
THz output slightly reduces. 
                                                                                                         
 
Fig. 2.13. (a) Illustration InGaN/GaN dot-in-a-wire LED. (b) The optical 
microscopy image of the fabricated dot-in-a-wire LED. (c) Picture of LED 
under forward bias. (d) THz output power vs. bias applied to dot-in-a-wire 
LED. 
        In conclusion for this part, a sub-microwatt broadband THz wave is generated from 
an InGaN/GaN dot-in-a-wire structure due to instantaneous dipole radiation induced by 
ultrafast laser pulses in the presence of the internal electric field. The high efficiency is 
directly correlated to the very large internal field due to piezoelectric and spontaneous 
polarizations. The normalized THz output power is found to be four orders magnitude 
higher than that from the InN or InGaN thin film. By applying an external reverse bias to 
the nanodevice, the THz output power is increased more than fourfold. Our result brings 
us a step closer to engineer a THz nanosystem for realizing various applications. 
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2. 4.  Summary 
        To summarize chapter 2, we claim microwatt broadband THz has been generated in 
InGaN/GaN heterostructures, including QWs and dot-in-a-wire nanostructure. The 
generation mechanism has been attributed to dipole radiation due to internal electric field 
in InGaN/GaN heterostructures.  THz output as function of many factors, including 
periods, incident and polarization angle and indium composition etc. has been studied. 
Specifically, PL has been used to study the carrier screening effect. If considering the 
total thickness of absorption layer is less than 30 nm, we believe InGaN/GaN 
heterostructures are one of the most efficient materials for broadband THz generation. By 
optimizing the experimental setups, sub miliwatt THz can be expected.  
Chapter 3.  Potential Laser Cooling on GaN  
 
3. 1.  Introduction 
        The term “laser cooling” is most often used for cooling and trapping of dilute gases 
of atoms and ions to extremely low temperatures. This area of science has progressed 
rapidly in the last two decades and has facilitated the observation of Bose-Einstein 
condensates and many related phenomena [3.1, 3.2]. It is surprising to mention that, 
before half century of achievement of Doppler cooling of atom gas and even invention of 
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laser, the concept of optical cooling of solids by anti-Stokes photoluminescence (ASPL) 
has already proposed by German physicist Peter Pringsheim in 1929 [3.3], See Fig. 1(a). 
The basis for this process is straightforward [3.4], see Fig. 1(b): First, using a light source 
of which the photon energy is same as the bandgap of solid materials.  By absorption the 
energy of such photon source, electrons from ground states will be pumped to excited 
states. Since the photon energy is exactly equal to bandgap of the materials. These 
excited electrons will be all located at bottom of excited states. After that however, as we 
all know, under quasi-thermal equilibrium condition, the electrons distribution in excited 
states should also follow Fermi-Dirac distribution which means the electrons cannot all 
stay at the bottom. Thus, after electrons reach quasi-thermal equilibrium through 
scattering with lattices, average energy of electrons is higher than what they get from the 
pump source. The energy difference is actually compensated by lattice vibration energy, 
i.e. phonon energy. In last step, the electrons in excited states will decay to ground states. 
If all the electrons will lose their energy by emitting photons or in other words, the 
luminescence quantum efficiency is 100%, the lattice thermal vibration energy is 
extracted from the solid. As a result, such solid material is then cooled by removing 
phonons.  
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Fig. 3.1. (a) Peter Pringsheim. (b) A scheme of anti-Stoke 
photoluminescence. (Figure reproduced from Ref. [3.4]). 
        Following the above analysis, we can understand following three things. First, 
accompanying with optical cooling process, we should observe anti-Stoke 
photoluminescence, i. e.      , where    and    are fluorescence and pump frequency 
respectively. Secondly, to achieve net cooling, the quantum efficiency for fluorescence 
should be very high. Simple calculation shows that the quantum efficiency, i. e.     
should be at least higher than      . Typically the quantum efficiency of solid in optical 
cooling experiment is higher than 97%. Thirdly, assuming the quantum efficiency is 1, 
the cooling efficiency or fractional cooling energy for each electron, i. e.    is equal to 
           . In thermal equilibrium condition,                      . 
Assuming     is around 1 eV, typical cooling efficiency is less than 5%.  
        Although such concept of optical cooling on solids is proposed more than eighty 
years ago, due to lack of narrow linewidth light source, i. e. laser, the early research is 
only focused on whether in principle it is possible. Initially, it was believed that optical 
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cooling by the anti-Stokes fluorescence contradicted the second law of thermodynamics. 
Predictions suggested that the cycle of excitation and fluorescence was reversible, and 
hence the optical cooling would be equivalent to the complete transformation of heat to 
work [3.5, 3.6]. Such issue was cleared by Landau by assigning entropy to radiation [3.7]. 
It was shown in his paper that the entropy of a radiation field increases with its frequency 
bandwidth and also the solid angle through which it propagates. Following by such 
analysis, if the incident light source has a very small bandwidth and propagates in a well-
defined direction, it has almost zero entropy. Obviously, laser perfect meets such 
requirement. On the other hand, the fluorescence is relatively broadband and is emitted in 
all directions and, therefore, it has comparatively larger entropy. In this way, the second 
law of thermodynamics is satisfied.  
        After invention of laser, the requirement of very high fluorescence quantum 
efficiency prevents the observation of laser cooling of solids for decades. In 1968, 
Kushida and Geusic [3.8] attempted to cool a Nd
3+
:YAG crystal with 1064 nm laser 
radiation. They reported a reduction of heating. However no net cooling has been 
observed. Only until 1995, Epstein et al. first experimentally demonstrated with the 
ytterbium-doped fluorozirconate glass ZBLANP:Yb
3+
 [3.9]. Nowadays, laser cooling 
using rare-earth doped materials approaches cryogenic temperatures, and, efficiency-wise, 
already bests the performance of a typical thermoelectric cooler [3.10]. Optical 
refrigeration will be useful in applications such as satellite instrumentation and small 
sensors, where compactness ruggedness, and the lack of vibrations are important. Optical 
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refrigeration is well suited for space-borne applications since it has no moving parts and 
can be designed for long operational lifetimes. 
        Although, optical refrigerator is based on cooling of some rare-earth doped 
insulating crystal is well developed, it would be practical laser cooling could be 
implemented directly inside semiconductor material as it is the active semiconductor 
device that needs to be cooled in the end, and most of the rare earth host materials have 
low thermal conductivity and also make poor thermal contact with semiconductors. 
Furthermore, optical refrigerators based on semiconductors have a potential for cooling 
devices down to ~ 10 K [3.11, 3.12]. Such a low temperature may not be reachable using 
rare-earth doped solids, since the top of the ground state at such a low temperature is 
significantly de-populated during the light emission. In comparison, semiconductors do 
not suffer from such an obstacle since valence band is always populated by electrons. 
          With all the advantages offered by semiconductors for laser cooling, this field has 
been intensively investigated both theoretically and experimentally [3.11-3.19]. In the 
past, most efforts have been devoted to the exploitation of GaAs since GaAs technology 
is the most mature among the direct gap semiconductors and the external radiative 
recombination efficiencies, exceeding 96% have been observed in GaAs/GaInP 
heterostructure [3.20]. Radiative recombination efficiency plays the key role in laser 
cooling, since in each act of Anti-stokes photon emission only about kBT of energy is 
being carried away, i.e. a small, about 1% fraction of the incident pump photon energy, 
hence nonradiative loss of just 1% may be fatal for the cooling. And yet, despite all the 
- 44 - 
 
aforementioned attractive features of GaAs, no net cooling has been attained in this 
material, notwithstanding all the persistent efforts that came tantalizingly close to it. 
Instead, rather unexpectedly, first observation of optical cooling in semiconductor has 
been recently made in CdS nanobelts rather than in GaAs [3.21]. It was suggested in such 
a paper that the strong exciton-longitude optical (LO) phonon coupling through Fröhlich 
interaction played an important role in achieving optical cooling in semiconductors. In 
polar semiconductors such as GaAs and CdS, the dominating mechanism for ASPL is 
through exciton- LO phonon coupling [3.16]. Thus, compared with III-V materials such  
Table 3-1. Bandgap and Fröhlich coupling constants of several 
semiconductors (see Ref. 3.27) 
System Materials    Eg (eV) 
IV Si 0 1.12 
III-V GaN 0.48 3.4 
 GaP 0.201 2.26 
 GaAs 0.068 1.424 
 InP 0.15 1.344 
II-VI CdSe 0.16 1.49 
 CdS 0.51 2.5 
 
as GaAs, more polar II-VI materials such as CdS are expected to produce more efficient 
ASPL since the corresponding Fröhlich interaction is stronger. Indeed, phonon-assisted 
ASPL has been widely observed in II-VI quantum dots, including CdSe [3.22], PbS 
[3.23], PbSe [3.24], and CdTe [3.22, 3.25], which motivates the discussion of laser 
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cooling on these materials [3.26]. Besides its strong Fröhlich interaction, the bandgap of 
CdS is significantly larger than GaAs (2.4 eV vs 1.51 eV). The idea that wider bandgap 
materials may hold an advantage when it comes to laser cooling due to their large joint 
density of states, lower refractive index, and, most crucially, very weak Auger 
recombination, was first explored in Ref. [3.17]. In Table 3-1, we have listed the data of 
bandgap and Fröhlich coupling constant of several semiconductor materials. The Fröhlich 
coupling constant, i.e.   , represents the strength of electron and LO phonon coupling. 
As is shown from this table, we can first recognize that the Fröhlich coupling constants of 
II-VI are indeed overall larger than those of III-V materials. For example, the Fröhlich 
coupling constant is 0.51 and 0.068 for CdS and GaAs respectively [3.27]. However, 
among listed III-V semiconductors, GaN has nearly same Fröhlich coupling constant 
compared with CdS. It appears that wide gap polar III-V semiconductors, such as GaN 
and its alloys with AlN and InN which have been widely used in both electronics (high 
speed and high power transistors [3.28]) and optics (LEDs and lasers [3.29]) combine 
many attractive properties for laser cooling: strong electron-phonon interaction, large 
phonon energy, high joint density of states (less saturation), wide bandgap (less Auger 
recombination) and small refractive index (less light trapping). Compared to II-VI 
semiconductors, GaN has reached a mature technology where the many technical issues 
associated with growth, fabrication and also getting the light out had been already 
successfully resolved. Hence, it is only natural to start commence experimental effort that 
one day should read to efficient optically-driven semiconductor refrigerators 
monolithically integrated with the electronic and optical devices. 
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        In this chapter, we report the first step on the road to the laser refrigeration using 
GaN – experimental demonstration of strong anti-Stokes light emission in a free-standing 
GaN sample. These results, with necessary caution, allow us to make prediction that laser 
cooling may be achieved in GaN in the relatively near future. 
  
        
3. 2. Sample description and experimental setups 
        The sample used in our experiments is 350-μm free-standing GaN wafer grown by 
metal organic chemical vapor deposition (MOCVD). The concentration of Si donors is 
measured to be 2×10
18
 cm
-3
. Such a sample was mounted on a cold finger of a 
continuous-flow cryostat with its temperature being set anywhere from 4.2 K to 300 K. 
The pump source was a Ti:sapphire laser with a 3 ps pulse length, repetition frequency of 
76 MHz and wavelength tunable from 730 nm to 850 nm, These pulses were 
subsequently frequency doubled and then quadrupled by using two BBO crystals which 
allowed us to excite GaN both across and above the bandgap. A typical focal spot area of 
the pump beam on the GaN sample is 0.02 mm
2
. The photoluminescence (PL) signal 
generated by the GaN material was analyzed with a double-grating spectrometer with and 
a photomultiplier tube. 
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3. 3. Results and discussions 
        We first measured PL spectra when the pump photon energy was well above the 
bandgap of GaN, corresponding to the pump wavelength of 209 nm with an average 
power of 500 µW. The PL spectrum of GaN obtained at 6 K is shown in Fig. 3.2(a). The 
dominant peak located at 357.3 nm corresponds to the recombination of the excitons 
bound to neutral donors (D-X or I2) whereas a small peak around 368.13 nm is caused by 
recombination of electrons bound to the donors with free holes (D-h). The three peaks at 
380.08 nm, 390.96 nm, and 402.49 nm correspond to the recombination of the donor-
acceptor pairs (DAP) and its 1LO-phonon and 2LO-phonon replicas, respectively. The 
strong intensities of LO-phonon replica of DAP indicate the strong coupling between 
electrons (or holes) bound to donors (or acceptors) and LO phonons. When the sample 
temperature is increased, the peak of DAP progressively evolves towards the exciton 
peek, as also shown in Fig. 3.2(a), and eventually, above 200 K all the sharp features in 
the spectrum disappear. As can be seen from the absorption spectrum at room 
temperature in Fig.  
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Fig. 3.2. (a) PL spectra excited by 209 nm with an average power of 0.5 
mW at different temperatures. (b) Absorption spectrum at 300K. Squares 
are experiment data and curve is exponential decay fitting.  
3.2(b) at an elevated temperature one can only observe exponential bandtail, devoid of 
any features, from which the luminescence emerges. The center of PL peak shifts rather 
substantially towards longer wavelength as temperature increases, in a general agreement 
with the temperature dependence of the bandgap described by the Varshni equation 
[3.30]. Note, that this sensitivity of the emission wavelength to the temperature can be 
exploited to determine the temperature of the optical refrigerator indirectly [3.4].    
        Next, after following the evolution of emission peaks with temperature using above-
the-gap excitation, we have moved closer to the study of laser refrigeration by setting the 
pump photon energy below the bandgap. The ASPL spectra have been shown in Fig. 3.3. 
The red curve of Fig. 3.3(a) shows a typical ASPL spectrum measured at the pump 
wavelength of 385.6 nm at room temperature. Fig. 3.3(b) shows the ASPL spectrum  
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Fig. 3.3. (a) Normalized PL spectra measured at 300 K. The blue and red 
curves are excited by 209 nm and 385.6 nm respectively. (b) Normalized 
PL spectra measured at 390 K. The blue and red curves are excited by 209 
nm and 392 nm respectively. 
measured at 390 K which contains clearer signal. It is worth noting that the 
corresponding photon energy of such pump is below the center energy for the dominant 
ASPL peak by 71 meV which is only slightly less than LO phonon energy of 92 meV and 
substantially larger than     – in a full agreement with the results showed in Ref. 10. 
Obviously, the ASPL occurs as a three step process – the LO-phonon-assisted absorption 
of the pump photon, followed by the thermalization in the band accompanied with 
releasing acoustic phonons that carry away about 21 meV of energy to the lattice, and the 
final step of direct radiative recombination that does not involve the phonons. It is also 
clear that what is observed is ASPL and not AS Raman scattering in which the Anti-
stokes shift is always equal to the phonon energy. 
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        Compared with the PL obtained by pumping well above bandgap shown by the blue 
curve in Fig. 3.3(a) the ASPL excited below the gap (red curve) is about 106 meV lower, 
indicating that the absorption below the gap is relatively weak and it cannot easily fill up 
the states above the gap. In fact, by comparing with the absorption spectrum of Fig. 3.2(b) 
one can see that not only the absorption of laser light but also the ASPL itself originate in 
the states below the nominal bandgap in the so-called Urbach tail [3.31] with an 
exponential density of states. As shown in Ref. [3.17] the exponential density of states is 
advantageous for laser cooling and the semiconductor should be excited below the 
nominal bandgap into the Urbach tail whose origin is either of extrinsic (i.e. due to 
defects/impurities), or intrinsic (phonon-assisted absorption) nature. The extrinsic Urbach 
tail is less suitable for the laser cooling since it is often accompanied by the background 
absorption. This background absorption, whose nature is not certain, is very weak, but 
presents a serious obstacle to laser cooling of semiconductors. Furthermore, conceptually 
using impurity-related Urbach tail for refrigeration is not significantly different from that 
using the donor-acceptor transition below the gap for the same purpose. The latter 
concept had been explored in Ref. [3.16]. While it was found to have an advantage in 
terms of cooling threshold, the cooling power was found to be very limited due to 
saturation of the donor-acceptor transition. 
        At the same time, the Urbach tail originating from the phonon-assisted absorption 
seems to be a natural match for laser refrigeration – it is almost always guaranteed to 
produce strong Anti-stokes shift in PL as the joint density of electronic states in the band, 
i.e. above the photon energy is always larger than the density of states below the gap. The 
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potential of using the phonon-assisted Urbach tail absorption for laser cooling had been 
investigated in Ref. 10 where it had been shown that while this absorption does get 
saturated, it usually occurs at relatively high powers. In the same work it was shown that 
there also exists a Stokes-shifted luminescence due to phonon-assisted electron-hole 
recombination (the process reverse to phonon-assisted absorption) but with a proper 
selection of excitation wavelength one can always assure that it is the anti-Stokes 
luminescence that dominates, as was indeed observed in our experiments. What makes 
phonon-assisted Urbach tail particularly attractive for laser cooling is that exists in high-
purity materials and thus is not inherently accompanied by the bane of optical 
refrigeration – background absorption.  
        It is rather evident that the prospective for laser cooling improves when the Urbach 
tail gets enhanced in both depth and strength. The strength of phonon-assisted absorption 
is proportional to the strength of electron-phonon interaction in solids – Fröhlich 
interaction that is particularly effective for LO phonons in polar semiconductors. The 
depth of the tail, i.e. how far below the bandgap it extends in the energy space, is 
commensurate then with the energy of LO phonons Under such an analysis, GaN is a 
good candidate for laser cooling, not only it has strong Fröhlich interaction (Fröhlich 
coupling constant is 0.48, 0.51, 0.07 for GaN, CdS and GaAs respectively [3.27]) but also 
has very large LO phonon energy (92 meV, 37 meV, 36 meV for GaN, CdS and GaAs 
respectively). 
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        Of course, in the end it is the ASPL efficiency that matters for laser cooling, and in 
our experiments we have measured only an ASPL output power of 300 nW with the 
pump power of 30 mW at 385.6nm, mostly due to the fact that only 5% of the pump 
beam is absorbed by the GaN wafer and also since most of the photoluminescence can be 
not directly coupled out due to total internal reflection. The ASPL efficiency can be 
improved by using nanostructures or an index-match dome [3.4] and also introducing an 
optical cavity for the pump wavelength.To confirm that the ASPL of GaN is indeed a 
phonon-assisted phenomenon, we have measured the intensity of ASPL as a function of 
the pump power. Besides phonon-assisted ASPL, luminescence upconversion in 
semiconductors can also be induced by two-photon absorption [3.32]. The intensity of 
ASPL induced by two-photon absorption is expected to be proportional to the square of 
the pump power. For the phonon-assisted ASPL, however, the power dependence should 
be linear since only one photon is required for each transition. As we can see from Fig. 3. 
 
Fig. 3.4. Integrated PL intensity as a function of laser power measured at 
300 K: (a) excited by 385. 6 nm. (b) excited by 532 nm. The solid red and 
green lines are linear and quadratic fitting respectively. 
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4(a), the integrated intensity of ASPL is proportional to the pump power for the powers 
of up to 40 mW. In comparison, Fig. 3.4(b) shows that when a CW laser beam at 532 nm, 
i.e., well below the bandgap is used to generate a PL signal from GaN, the dependence of 
the luminescence intensity on the pump power shows a clearly quadratic behavior. It 
should also be pointed out that the intensity of PL induced by two-photon absorption is at 
least four orders of magnitude lower than that for the phonon-assisted ASPL pumped at 
385.6 nm.  
        One can see the transition between the phonon-assisted and two-photon ASPL in Fig. 
3.5(a), where the pump wavelength had been tuned in the range of 383-410 nm. As the 
pump wavelength is increased, the ASPL intensity is decreasing rapidly following nearly-
exponential decrease predicted Ref. 10. This behavior persists when the photon energy is 
below the bandgap by more than 1 LO phonon energy indicating the gradual switch to the 
absorption involving two phonons and a phonon. Note that a similar behavior was 
observed on the ASPL experiment of GaAs quantum wells [3.18] and CdSe quantum dots 
[3.26]. However, as the pump wavelength is increased to beyond 400 nm, the PL signal 
ceases to decrease and more or less stays constant, indicating that in this range two-
photon absorption, earlier reported in GaN [3.34] is stronger than weak phonon-assisted 
absorption involving three or more LO phonons. To confirm this assumption of graduate 
change from phonon-assisted to two-photon absorption, we have measured the ASPL 
intensity as a function of the pump power at several different pump wavelengths. As is 
shown by Fig. 3.5(b), with increasing the pump wavelength from 382.1 nm to 409.1 nm, 
the power dependence gradually evolves from linear (phonon-assisted absorption) to the 
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Fig. 3.5. (a) Integrated PL intensity as a function of pump wavelength 
measured at 300 K. The laser power is set as 20 mW, the solid line is 
guide for the eye. (b) Integrated PL intensity as a function of laser power 
for four wavelengths measured at 300 K. The experiment data have been 
fitting by     , where I is integrated PL intensity, P is laser power and α 
is power index. 
quadratic (two-photon absorption). Obviously, two-photon absorption leads to heating 
rather than cooling of sample and it is desirable to reduce it which suggests using CW 
rather than pulsed pump.  
        Perhaps, the clearest signature of the phonon-assisted ASPL is the increase of the 
intensity with the temperature rises [3.26]. As shown in Fig. 3.6, the intensity of ASPL 
scales up quickly with the temperature from 150 K to 390 K. It is worth noting that since 
the intensity of phonon-assisted ASPL is very sensitive to the separation between the 
pump and emission photon energies, see Fig. 3.5(a), during such a measurement the 
pump laser is tuned to set its photon energy always about 1LO phonon energy lower than 
the emission peak of ASPL. Below 150 K, since the ASPL signal is significantly reduced 
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Fig. 3.6. Normalized integrated PL intensity as a function of temperature 
for different laser wavelengths. The solid lines are guide for eye. The 
dashed line is a fitting curve assuming that intensity of ASPL is 
proportional to number of LO phonons which is defined by Bose-Einstein 
statistics. 
in power and strongly overlaps with the laser emission tail, hence given limitations of our 
experimental setup, the peak cannot be clearly distinguished from the laser spectrum. The 
observed temperature dependence of course follows from the Bose-Einstein distribution 
of optical phonons as shown by the dashed curve in Fig. 6. We have also measured the 
PL intensity as a function of the temperature when the laser wavelength is set to 209 nm 
and 532 nm, and the carriers are excited directly well above the bandgap rather than into 
the phonon-assisted bandtail by either one or two photon absorption. The results shown in 
Fig. 6 indicate that the PL intensities generated by these two pump wavelengths are 
reduced with increasing the temperature, in all probability due to increase in the 
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nonradiative recombination. Thus, the temperature behavior of ASPL of GaN strongly 
supports the fact that upconversion process is assisted by LO phonons.   
       
 
3. 3.  Summary 
        In conclusion of this chapter, we have observed ASPL of GaN. By measuring the 
power and temperature dependences of ASPL intensities, the mechanism has been 
attributed to phonon-assisted upconversion, which can be utilized to achieve laser cooling 
in GaN. Although observing phonon-assisted ASPL is only the first step on the way laser 
cooling, we believe that our results give us the reason to be optimistic about prospects for 
laser cooling using GaN. 
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Chapter 4.  Photoluminescence Study on III-Nitrides: 
InGaN/GaN QWs, GaN/AlN QWs, 
Freestanding GaN and BN Powder 
 
4. 1.  Introduction 
        As we already introduced already  in first chapter, III-Nitride based heterostructures, 
in term of quantum wells (QWs), quantum lines (QLs) and quantum dots (QDs) have 
been attracted a lot of attention for its wide application from deep ultraviolet (UV) to 
green region. For example, since Nakamura published first paper about bright 
luminescence from InGaN/GaN QWs [4.1], such material system has been intensively 
studied and yet, commercialized light emitting device such as light emitting diodes (LED) 
or laser diodes (LD) from blue to green region is available on market. One the other hand, 
GaN/AlGaN heterostructures due to its larger bandgap and larger band offser, not only 
can be used to fabricate deep UV light emitting device from 220 nm to 350 nm [4.2], but 
also have a lot of applications based on intersubband transitions [4.3]. Photoluminescence 
is a very effect experiment method to study the optical properties of these materials 
systems. In this chapter, we will present our experiment results about photoluminescence 
study on InGaN/GaN QWs and GaN/AlN QWs.  
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4. 2.  Investigation of Fast and Slow Decays in InGaN/GaN QWs 
        Understanding the emission mechanism in InGaN/GaN quantum wells (QWs) is the 
key for the applications in light-emitting devices from ultraviolet to green region [4.4]. 
Previously, recombination from localized states was proposed as the primary mechanism 
for spontaneous emission in InGaN/GaN QWs [4.5]. Such an effect of carrier localization 
has been attributed to nanometer-scale indium rich clusters based on transmission 
electron microscopy until these indium clusters were attributed to the electron-beam-
induced damages [4.6].
 
Besides indium rich clustering effect, v-shaped pits can induce 
carrier localization [4.7]. Recently, it was demonstrated that InGaN QWs can be grown 
with no indium clustering and abrupt interfaces [4.8]. In addition, polarization fields 
cause charge separation, and therefore, affect the carrier lifetime due to different 
recombination mechanisms [4.9-4.12]. 
        Time-resolved photoluminescence (PL) was widely used to investigate the dynamic 
recombination processes in InGaN/GaN QWs. Carrier lifetimes in the range from sub-
nanosecond to microsecond have been measured, which suggests that the carrier lifetime 
can be greatly influenced by width of QWs and indium concentration [4.9, 4.10, 4.13, 
4.14]. Specifically, two-step PL decay was observed with the early fast and later slow 
decay processes being attributed to carrier transfer from weakly to strongly localized 
states and recombination of carriers in strong localized states, respectively [4.15]. 
        In this subsection, using time-resolved pump-probe differential PL, we have directly 
measured the fast decay time constants of the photogenerated carriers in the range of 
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1.41-2.22 ns, which is attributed to the lifetime of carriers in QWs. Moreover, the time 
constant of extremely slow decay of dominant PL peak is identified as long as 570 ns, 
corresponding to the recombination of the carriers at localized states. 
 
4. 2. 1. Sample description and experimental setups 
        In our studies, the sample, grown by metal-organic chemical vapor deposition, 
consists of four periods of InGaN/GaN QWs with 3 nm In0.2Ga0.8N QWs sandwiched by 
12-nm thick GaN barriers, respectively. The growth conditions of this sample are 
essentially the same as those outlined in Ref. [4.16]. A laser beam generated by 
Ti:sapphire regeneration amplifier with a pulse width of 180 fs and a repetition frequency 
of 250 kHz was frequency-doubled by a BBO nonlinear crystal, see Fig. 4.1. As a result, 
such an amplifier system produced a train of the pulses at 393 nm. The radiation beam 
was split into two parts labeled by us as pump and probe, having relatively high and low 
powers, respectively. The probe beam passed through a chopper whereas the pump beam 
was sent through a delay line to vary the temporal delay for probe pulses relative to pump 
pulses. Since the probe beam was modulated, one can measure the PL intensity generated 
by the probe beam through locking into the modulated frequency via a lock-in amplifier. 
The PL signal is focused into a spectrometer and then detected by a photomultiplier tube. 
The sample is mounted in a cryostat cavity of which the temperature can be varied from 
4.2 K to 300 K. 
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Fig. 4.1. An experimental setup for pump-probe differential PL. 
 
4. 2. 2. PL as function of laser intensity and temperature 
        Fig. 4.2 illustrates PL spectra measured at 5 K under different excitation power 
densities. The main peak (PL) is located at 2.575 eV at an excitation power density of 0.5 
W/cm
2
. The multiple peaks on the low energy side are LO-phonon replica [4.17]. When 
the excitation intensity is increased, a shoulder (PH) on the high energy side appears, 
which suggests the presence of one peak or multiple ones. Multiple peaks in InGaN/GaN 
were widely observed and attributed to splitting of valence band [4.18], different 
quantum states [4.19], and weak-strong localized states [4.20]. Using one-dimensional 
Schrödinger-Poisson solver, the energy of the lowest QW transition (i.e. e1-hh1) is 
calculated to be 2.741 eV at 5 K when the pump intensity is set as 30 W/cm
2
. The 
calculated transition energy is higher than that of the dominant peak in Fig. 4.2 by about 
140 meV but only lower than that of the broad shoulder on the high-energy side by about 
10 meV. As analyzed below, the main peak and shoulder are caused by the recombination 
of the carriers at localized states and extended states, respectively [4.21]. 
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Fig. 4.2. Excitation power density dependent PL spectra for InGaN QWs 
measured at 5 K. 
 
Fig. 4.3. (a) The emission energy of PL vs excitation power density 
measure at 5 K. (b) The emission energy of PL vs carrier density for 
excitation power density higher than 16.7 W/cm
2
. The solid curve is a fit 
based on band gap renormalization effect. 
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        Fig. 4.3(a) shows the behavior of emission energy of PL versus excitation density. A 
blue shift in the amount of 30 meV is observed when the excitation density is increased 
from 170 mW/cm
2
 to 16.7 W/cm
2
. As excitation density is further increased up to 3200 
W/cm
2
, the PL exhibits a red shift in the amount as large as 49 meV. Previously, the blue 
shift was frequently observed and explained by the combination of band-tail filling effect 
and reverse quantum confine Stark effect (QCSE) as the carrier density in QWs is 
increased [4.22-4.24]. However, the anomalously large red shift has not been observed 
yet in InGaN/GaN QWs. To understand the origin for such red shift, we plot the peak 
energy of PL (only red shift part) versus carrier density, as shown in Fig. 4.3(b). Since the 
thickness of QWs is much less than a typical absorption depth of the excitation, we can 
assume spatially homogeneous excitation of well layers. In such case, the photogenerated 
carrier density can be determined as            ), where   is absorption coefficient,   
is energy per pulse,    is the incident photon energy, and   is the focus area of incident 
laser. Under very high laser intensities, the absorption efficient could be reduced due to 
band-filling effect. Thus we calculate the carrier intensity at high excitation powers by 
     0   0, where   and  0 are integrated PL signals at high and low excitation powers, 
respectively. The peak energy as a function of carrier density can be well fit via an 
expression of band-renormalization effect,        
   , see Fig. 4.3(b). The fitting 
value of C is obtained as 1.66×10-8 eV cm, which is very close to that in Ref. [4.25]. 
Therefore, such a red shift is likely the manifestation of band-gap renormalization.  
        The peak energy of PL is plotted as a function of temperature measured at 16.7 
W/cm
2
, see Fig. 4.4. A blue shift as large as 32.4 meV from 5 K to 120 K was observed. 
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Fig. 4.4. The emission energy of PL vs temperature measured at 16.7 
W/cm
2
. The solid curve is a fit based on band tail model. 
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Fig. 4.5. Normalized integrated PL intensity as s function of 1/T for 
InGaN QWs measured at 16.7 W/cm
2
. The red and blue curves are single 
and two channels Arrhenius fits respectively. Ea and Eb stand for the 
activation energy. 
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The increase of the peak energy with temperature in InGaN QWs is considered as an 
indication of emission from localized states [4.26]. Such temperature-dependent emission 
energy at localized states can be described as  
2 2
( ) (0)
B
T
E T E
T k T
 

  

                                                            (4-1) 
Where, E(0) is the energy gap at zero temperature, α and β are Varshini’s parameters, σ 
indicates the degree of the localization effect, and kB is Boltzmann constant. Using this 
formula to fit the data, see Fig. 4.4, we obtained σ to be 12.4 meV, which is consistent 
with that in Ref. [4.27]. Therefore, we have attributed the main peak in PL spectra to the 
recombination of carriers occupying localized states. To further verify the carrier 
localization, both single and two-channel Arrhenius equations [4.28] were used to fit 
temperature-dependent PL intensities, see red and blue curves of Fig. 4.5, respectively. 
The activation energy is determined to be 13 meV in the single-channel fit which is quite 
close to the value of σ. Since this activation energy is much less than the QW band offsets, 
the thermal quenching originates from thermionic emission of carriers out of potential 
minima caused by localized states rather than the thermal activation of electrons and 
holes out of InGaN QWs. The two-channel Arrhenius equation provides a better fit, 
especially at high temperature, which could be caused by the increase in the intensity of 
PH relative to that of PL with increasing temperature. The activation energies obtained 
from such a fit are 11 meV and 169 meV, respectively. We tentatively attribute these 
energies to carrier confinement energy of localized states and thermal escape energy for 
the carriers moving out of QWs, respectively. 
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4. 2. 3. Pump-probe differential PL experiment 
        After we determine the carriers inside have fast and slow decay, we want to measure 
the PL spectra at different delay times for the pump beam. When the pump is turned on, 
the intensity of PL is reduced dramatically whereas that of PH increases, see Fig. 4.6 (a). 
The intensity of PL does not recover even if we increase the delay time to 3.725 ns, which 
suggests that PL has a very long lifetime, i.e. slow decay. Using a fast oscilloscope, we 
have measured the slow decay time constant of 570 ns, corresponding to lifetime of the 
carriers occupying localized states. On the other hand, the intensity of PH increases 
obviously when the delay time is increased, which implies that PH has a fast decay. Fig. 
4.6 (b) is a plot of the differential ratio vs. delay time. The differential ratio can be 
expressed by           , where I0 is the integrated PL intensity induced by the probe 
without the pump and I(t) stands for that of the probe with the pump at a certain delay 
instant t. Considering that the slow decay has a much longer lifetime compared with the 
fast decay, a single exponential decay function is used to obtain the fast decay time as a 
function of the temperature. As a result, the decay time constants are determined to be 
1.41-2.22 ns. Obviously, the fast decay time constan is more or less independent of 
temperature, which indicates that nonradiative recombination plays a minor role. 
        In conclusion, the emissions peaks from localized states and extended states have 
been observed on the InGaN/GaN QWs. By analyzing the dependence of the PL spectra 
on the excitation power, a red shift has been observed, due to band-gap renormalization. 
Moreover, through pump probe differential PL measurements, we confirm that the fast 
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decay originates from the lifetime of the carriers in extended states whereas the slow 
decay is the manifestation of the recombination of the carriers at localized states.       
 
Fig. 4.6. (a) Pump-probe differential PL spectra at different delay times 
measured at 5 K. (b) Differential ratio vs. delay time measured at different 
temperatures. The solid curves are single exponential fits to experiment 
data. 
 
 
4. 3.  PL emission in deep ultraviolet region from GaN/AlN asymmetric- 
            coupled  QWs 
        GaN/AlN heterostructures have been widely studied for their promising applications 
in blue-violet light emitting diodes (LEDs) and laser diodes (LDs), due to the wide band 
gap of GaN (~3.5 eV) [4.29-4.32]. On the other hand, due to their large conduction band 
offset (~1.8 eV) and ultrafast intersubband relaxation time, GaN/AlN quantum wells 
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(QWs) and quantum dots (QDs) are also intensely explored to achieve high-speed 
intersubband (ISB) optoelectronic devices operating from 1.08 µm to 3 µm [4.33-4.36]. 
What makes GaN/AlN QWs unique is extremely high internal electric fields approaching 
10 MV/cm due to spontaneous and piezoelectric polarizations when these structures are 
grown on (0001) substrate. Such large internal fields induce quantum confined Stark 
effect (QCSE) without applying an external electric field. Consequently, the overlap of 
electron and hole wave functions, transition energy and recombination rate of QWs are 
greatly reduced. Such strong internal fields can be exploited to enhance nonlinear-optical 
effects such as second-harmonic generation [4.37, 4.38] and quantum cascade detectors 
[4.39, 4.40], without applying any external field. However, when these QWs are grown 
on non-polar planes such as ( 0211 ) instead of (0001) [4.41], the internal electric fields 
vanish. 
        In this subsection, we report our results on GaN/AlN asymmetric-coupled QWs. In 
the past, these heterostructures were primarily utilized in electroabsorption modulators 
and frequency doublers based on intersubband transitions [4.42]. However, band-to-band 
transitions in the GaN/AlN asymmetric-coupled QWs have not been investigated in 
details. As illustrated below, deep UV transition peaks with their photon energies up to 
5.061 eV were observed. These transitions were caused by the recombination of electrons 
inside the AlN coupling barrier with the heavy holes in the GaN QWs. By using two 
wells to sandwich the coupling barrier, we have significantly increased the overlap 
between the wave functions of the electrons in the coupling barrier and heavy holes 
inside the two QWs. Besides, photoluminescence quenching has been observed when 
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increasing the temperature of these nanostructures. We believe such a behavior is caused 
by relocation of the photogenerated electrons from the AlN coupling barriers to GaN 
QWs under large built-in electric fields. 
 
4. 3. 1. Sample description and experimental setups  
        Multiple GaN/AlN asymmetric-coupled QWs were grown in a low-pressure vertical 
VEECO P75 reactor with a high-speed rotation configuration. The reagents used during 
the growth were ammonia, trimethylgallium (TMGa), and trimethylaluminum (TMAl). 
High-purity hydrogen and nitrogen were used as the carrier gases. All the samples were 
grown on 2.5-µm-thick undoped (or n-) GaN templates being grown on c-plane sapphire 
substrates. Each GaN template was grown at 1070 
o
C, which employed a 30-nm-thick 
GaN nucleation layer deposited at 515 
o
C. The active layers of the AlN/GaN/AlN 
asymmetric-coupled QWs consist of 10 periods. For comparison, two additional samples 
were grown, each of which consists of multiple single GaN/AlN QWs. The structures of 
all four samples are summarized in Table 4-1. Both the AlN and GaN layers were grown 
at a temperature of 1070 
o
C, with growth rates being 3.6 nm/min and 4.5 nm/min, 
respectively. Each sample has a 10-nm-thick GaN layer as the cap on the top.  
        Photoluminescence (PL) spectra were measured by using a coherent UV beam at the 
wavelength tunable from 235 nm to 260 nm as the pump which is third harmonic output 
of a Ti: sapphire laser. Each pump beam consists of a train of pulses with the pulse width  
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Fig. 4.7. The experiment setup for third harmonic output from Ti: sapphire 
oscillator. 
of 3 ps. The highest average pump power used in our experiment is 20 mW. Each sample 
of multiple GaN/AlN asymmetric-coupled QWs was mounted on a cold finger of a 
cryostat with its temperature being stabilized and continuously varied in the range of 4.2-
300 K. 
 
4. 3. 2. Deep ultraviolet emission from GaN/AlN asymmetric QWs 
        For the asymmetric-coupled QWs, we have identified two apparent transition peaks 
in the PL spectrum, see Fig. 1. For sample #1, For example, the transition energies of the 
two peaks are deduced to be 3.938 eV (Plow) and 5.061 eV (Phigh), respectively, see Table 
4-1. When the widths of the two QWs are increased from 2 nm and 1.5 nm to 2.5 nm and 
2 nm, respectively, the transition energies for the two peaks are reduced to 3.722 eV and 
4.647 eV, respectively, due to the decreases inthe quantum-confinement energies. What  
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Table 4-1. Sample parameters. Here, dAlN, dGaN, stands for the thickness 
of AlN and GaN layer, respectively. Elow, stands for the lower-transition 
energy peak (or the only peak) of asymmetric-coupled (or single) QWs, 
while Ehigh stands for higher-transition energy peak of asymmetric-coupled 
QWs. Ilow, Ihigh are relatively integration intensity of lower- and higher- 
transition energy peak, respectively. Label R stands for the ratio between 
the PL intensities of the higher- and lower-energy transition peaks. 
Sample dAlN / dGaN (nm) Elow (eV) Ehigh (eV) Ilow (a.u.) Ihigh (a.u.) R 
1 4 / 2 / 1 / 1.5 3.938 5.061 11.3 101 8.9 
2 4 / 2.5 / 1 / 2 3.722 4.647 7.3 121 16.6  
3 4 / 1.5 4.335 N/A 1 N/A N/A  
4 4 / 2 4.145 N/A 1.9 N/A N/A 
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Fig. 4.8. PL spectra measured at 4.2 K on different samples at pump 
power of 6 mW at 235 nm. The signals of sample #3 and #4 are both 
multiplied by a factor of 20 for clarity. 
is unique about the two PL spectra lies in transition peaks are much stronger than those 
for the lower-energy transitions. By decomposing each of the overall PL spectra into a  
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Fig. 4.9. Typical calculated band diagram of sample #1 using 
NEXTNANO3 8-band-k•p Schrödinger-Poisson solver. 
linear superposition of the two transition peaks, we have deduced the ratio of the PL 
intensities for the higher- and lower-energy transition peaks to be 8.9 and 17 in Sample 
#1 and #2 respectively, which are anomalously large. Using nextnano3 8-band-k·p 
Schrödinger-Poisson solver [4.43, 4.44], we have plotted the energies of these states and 
their wave functions for Sample #1, see Fig. 4.8. One can see that the transition energies 
for e1-hh1 and e2-hh2 are both around 3.851 eV, which is very close to 3.938 eV deduced 
from Fig. 4.7. Taking into consideration that the full width at half maximum (FWHM) of 
peak at 3.938 eV is as high as 308 meV and the width of two quantum well are only 0.5 
nm difference, we believe transitions for e1-hh1 and e2-hh2 merged into one peak at 3.938 
eV. However, the confined energy states within the coupled QWs for both sample #1 and 
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#2 do not support the higher-energy transitions at 5.061 eV and 4.647 eV, deduced from 
our experiment. According to our calculations, these two energies are quite close to the 
transition energies for the electrons being localized inside the AlN coupling barrier and 
heavy holes at the two confined energy states in GaN QWs. Since the coupling barrier in 
the asymmetric-coupled QWs is rather thin, the overlap between the wave functions of 
the electrons inside the AlN coupling barrier and heavy holes inside the GaN QWs is 
large. Due to the presence of large built-in fields, the wave functions of the heavy holes 
have further penetrated into the AlN coupling barrier. As a result, the overlap between the 
wave functions of the electrons inside the AlN coupling barrier and heavy holes inside 
the GaN QWs has been further increased by the strong built-in fields. Thus, the signal of 
recombination of electrons inside AlN couple layer and holes in GaN wells could be 
stronger than that of electrons and holes in GaN QWs, which in fact is supported by our 
PL spectra. It is worth noting that the ratio of Phigh over Plow is even larger for sample #2. 
Such a result is probably due to the fact that the wider QWs in sample #2 leads to a larger 
separation of electrons and holes inside the GaN QWs. This assumption is verified by our 
experimental result that the intensity of Plow in sample #2 is weaker than that for sample 
#1. Previously, recombination of the electrons inside an AlN wetting layer and heavy 
holes in the GaN quantum dot was used to explain the transition energy as high as 4.8 eV 
[4.45]. However, to the best of our knowledge, the transition energies of 5.061 eV and 
4.647 eV have not been reported previously on GaN/AlN QWs. According to Fig. 4.7, 
each of the PL spectra for the single QWs consists of only a single peak at 4.335 eV and 
4.145 eV for the two different well widths, respectively. These two energies are 
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significantly higher than those for the lower-energy transitions in the asymmetric-coupled 
QWs. The high energies are caused by the reduction in the quantum confinement by 
introducing the second QW in the asymmetric-coupled QWs and reduction of the 
coupling barrier width compared with the single QW. Moreover, based on Fig. 4.7, the 
PL intensities for the lower-energy transitions in the asymmetric-coupled QWs are 
stronger than those from the single QW by factors of 11 and 3.8, respectively. 
Furthermore, the PL intensities for the higher-energy transitions in the asymmetric-
coupled QWs are higher than those from the single QW by factors as high as 101 and 63, 
respectively. Such huge enhancements are caused by the asymmetries of the coupled 
QWs, the presence of a thin isolating barrier, and large electric fields, which altogether 
result in significantly improved overlaps between the wave functions of the localized 
electrons and the heavy holes. Recently, type-II InGaN/GaNAs QWs were used to 
improve the overlap of wave function of electron and hole to achieve higher 
recombination efficiency comparing with conventional type-I InGaN/GaN [4.46]. For the 
higher-energy transition peak observed in our experiment, electrons are localized in the 
AlN barrier and holes are localized in the GaN wells. Our result illustrates that GaN/AlN 
coupled asymmetric QWs have a potential to realize high-efficiency deep UV 
optoelectronic devices.  
        As the sample temperature is increased from 4.2 K to 300 K, one can see from Fig. 
4.9(a) that the integrated PL intensity for the 5.061-eV peak is decreased by a factor of 16 
whereas that for the 3.938-eV peak is decreased only by a factor of 1.8. Using the relation 
of I = I0/[1+Cexp(-Ea/kT)] to fit the data for the 5.061-eV peak, the activation energy, Ea, 
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is obtained as 18 meV. Such a value implies that the 5.061-eV transition peak can only 
maintain a small amount of its original strength at room temperature, as illustrated by Fig. 
4.9(a). However, within 4.2-100 K, the ratio of the PL intensities for the two peaks is 
slightly increased, see Fig. 4.9(b), which implies that most of the localized electrons 
inside the AlN coupling layer move back to the GaN QWs by thermal ionization when 
the temperature is higher than 100 K. Due to such a relocation, the PL intensity at 3.938 
eV is expected to increase. In addition, the conduction band-edges for the GaN QWs 
become flattened since accumulated electron charges inside the QWs will screen the 
internal field. Therefore, the overlap of the wave functions of the electrons and heavy 
holes located inside the QWs is increased. These two factors have compensated for the 
significant decrease in the PL intensity typically expected for a PL peak. The flattened 
band-edges cause the transition peak at 3.938 eV to blue-shift, see Fig. 4.9(c), which is 
opposite to the reduction of the band-gaps through the temperature increase. Such blue-
shift is consistent with the blue-shift of the 3.938-eV peak, as we increase the pump 
power (not shown here). In contrast, the transition peak at 5.061 eV is red-shifted, see Fig. 
4.9(c), which is due to band gap reduction of AlN when increasing temperature. However, 
above 220 K and 280 K, the two transition peaks at 5.061 eV and 3.938 eV are blue- and 
red-shifted, respectively, which could be attributed to the increasing probability for the 
electrons to be scattered to the bound states inside each coupling barrier by the phonons 
following the absorption of the pump beam. 
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Fig. 4.10. (a) PL intensities vs. temperature. The dots correspond data of 
Phigh and the square correspond that of Plow. (b) Ratio of PL intensities 
determined from Fig. 4.8 vs. temperature; and (c) Transition energies of 
two PL peaks vs. temperature. 
 
 
4. 4.  PL induced by three-photon absorption in freestanding GaN 
        In this section, we will discuss some experiment results about anti-Stoke 
photoluminescence of GaN induced by three photon absorption.  The sample is a 350-μm 
free-standing n-type GaN wafer was grown by MOCVD (sample sample we used for 
phonon-assisted anti-Stokes photoluminescence experiment). It was mounted on a cold 
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finger of a continuous-flow cryostat with its temperature being set anywhere from 4.2 K 
to 300 K. The sample was excited by 180-fs coherent pulses with their central 
wavelength being set to 782 nm and the repetition is 250 kHz.       
2.7 2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5
 
 
In
te
n
s
it
y
 (
a
.u
.)
Energy (eV)
 782 nm
 209 nm
 
Fig. 4.11. Anti-Stokes and Stokes PL spectra measured at 4.2 K and under 
excitation wavelength of 782 nm and 209 nm.         
      We first measured the Stokes and anti-Stokes PL spectra at the excitation wavelength 
of 209 nm and 782 nm, respectively, see Fig.4.10. One can see one-to-one 
correspondence between each peak in the anti-Stokes PL spectrum and that in the Stokes 
PL spectrum except for the fact that the main peak of anti-Stokes PL peak is redshifted 
relative to the corresponding peak in the Stokes PL spectrum. Such redshift was 
estimated to be about 20 meV, based on the transition energies of the two respective I2 
peaks appearing in Fig. 4.10. It is caused by the higher reabsorption of PL on the high-
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energy side than that on the low-energy side . The dominant peak in the anti-Stokes 
spectrum at 3.451 eV corresponds to the recombination of the excitons bound to neutral 
donors (D0X or I2). A small peak at 3.271 eV originates from the recombination of the 
donor–acceptor pairs (DAPs). whereas the two peaks at 3.180 eV and 3.096 eV is the 
1LO-phonon and 2LO-phonon replica of the DAP peak at 3.271 eV. The small peaks 
near 3.370 eV are probably induced by the recombination between the electrons bound to 
the donors and free holes (D0h). 
  
Fig. 4.12. (a) Anti-Stokes PL spectra at different temperature. (b) Photon 
energies of each peak at different temperature. 
        Fig. 4.11(a) shows anti-Stokes PL at different temperature. As we can observe, at 
room temperature, the exciton peak and DAP peak significantly overlap. Fig. 4.11(b) 
shows the peak energies as function of temperature after we decompose the peaks. The 
peak of I2 significantly redshifts with temperature increases. However, the peak energy 
cannot be fitted by Varshini fitting due to the increase of redshift with temperature 
compared to stokes PL. Unlike  peak of I2, the other four peaks show the blueshift with 
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temperature. Such behavior confirms that the electrons or holes involved in these peaks 
are bounded to donor or acceptor. With temperature increases, the electron and hole will 
be excited to conduction and valence band by absorption of thermal energy. Thus these 
peaks gradually evolve to free electron and hole pairs of which the emission overlaps 
with main peak.  
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Fig. 4.13. Anti-Stokes PL spectra at different pump power measured at 4.2 
K. 
        We also measure the anti-Stokes PL spectra as function of pump power. As is shown 
in Fig. 4.12, the intensity of DAP peak increases relative fast than that of I2. Fig. 4.13(a) 
illustrates the dependence of the integrated PL intensity for the DAP peak at 3.271 eV on 
the pump power at 4.2 K. The dependence exhibits a cubic power law except for slight 
saturation at the higher pump powers. Therefore, the anti-Stokes DAP emission is 
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induced by three-photon absorption. The dominant three-photon absorption takes place 
when the electrons in the valence band are excited to the conduction band. Since the 
exciton transition energy is 3.472 eV, there is an extra energy of 1.285 eV, which is 
carried by the electrons in the conduction band and holes in the valence band as their 
kinetic energies. The photogenerated electrons and holes at these kinetic energies relax 
down to the bottom of the conduction band and the top of the valance band, respectively, 
primarily by emitting LO phonons. These electrons and holes then form excitons. Some 
of these excitons can be bound to the neutral donors. The electrons bound to acceptors 
can also relax down to the valence band by emitting LO phonons. Some of the 
photogenerated electrons can be also trapped at the donors, and subsequently jump down 
to the acceptors by losing photons, producing the DAP transition peak. The power 
dependence for the bound exciton transition significantly deviates from the cubic power 
law. Such strong saturation is caused by the limited density of the neutral donors. As the 
pump power becomes sufficiently high, almost all the neutral donors are used up for 
binding the excitons. Consequently, the density of the bound excitons approaches strong 
saturation. At room temperature, however, the dominant transition originates from the 
DAP recombination. The corresponding power dependence can be fitted by a cubic 
power law below the pump power of 158 mW, see Fig. 4.13(b). Above such a pump 
power, however, the power dependence severely deviates from the cubic power law. The 
electrons bound to donors and the holes bound to the acceptors take longer times to 
recombine as the separation between the corresponding donors and acceptors is increased. 
At room temperature, on average neutral donors and neutral acceptors are further 
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separated due to the thermal redistribution of the electrons and holes among the donors 
and acceptors since they have much higher kinetic energies. Therefore, due to the 
increase in the DAP recombination time, the saturation for the DAP transition peak can 
be much more severe. In comparison, at very low temperatures, the thermal redistribution 
of the electrons and holes among the donors and acceptors are minimized. Therefore, the 
saturation of the DAP emission rate is less affected, as shown by Fig. 4.13(a).  
 
Fig. 4.14. (a) Intensity of DAP peak plotted vs. pump power in log scale at 
4.2 K. Straight line corresponds to linear fit to data, resulting in a slope of 
3.03. (b) Intensity of I2 peak plotted vs. pump power in log scale at 4.2 K. 
Straight line corresponds to linear fit to data, resulting in a slope of 2.75. 
 
 
4. 5.  PL induced by two-photon absorption in BN powder 
        To Hexagonal boron nitride (hBN) has been widely used as an electrical insulator 
and heat resistant material for several decades because it is chemically inert and 
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thermally stable. Recently the interest of hBN is renewed since the first observation of an 
intense deep ultraviolet exciton emission [4.47], which makes such material a potential 
candidate for optoelectronics devices. However, despite of many efforts in both 
experimental and theoretical studies, the optical property of hBN remains unclear.  
        Here, we report our results on investigating PL study of hBN powders using two-
photon excitation. By energy-resolved excitation, we conclude that the impurity or defect 
energy level inside band gap of hBN plays an important role in such two-photon excited 
photoluminescence. 
        The sample studied by us was prepared from commercial hBN powders compact in 
a thin cylinder at a hydrostatic pressure of 8×107 Pa. The purity of powders is high than 
99.9% and particle size is in the range of 2 to 3 µm. The fourth or second harmonic 
output of a Ti: sapphire laser was used as pumps for one photon or two-photon excitation 
respectively, of which the pulse duration is around 150 fs and the repetition frequency is 
76 MHz. The beam was focused on sample with a radius of 100 µm. The 
photoluminescence was collected to a single channel spectrometer and then detected by a 
photomultiplier. 
        The PL spectra of sample excited by 206.88 and 412.51 nm are presented in Fig. 
4.14 as red and blue curves respectively. As we can see, the spectra are composed of two 
luminescence bands. Basically, one narrow band centered at 225 nm and one broad band 
between 250 to 400 nm are distinguished. The narrow peak was attributed to 
recombination of exciton bound to stack faults [4.48]. However, the peak position here is 
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Fig. 4.15. PL spectra measured at room temperature. The pump power for 
206.88 and 412.51 nm is 26 mW and 250 mW respectively. 
not exactly located at 227 nm as published in other literatures.  Such difference could be 
induced by superposition of multiple peaks in narrow band. A slight shoulder at 215 nm 
can be observed in our spectrum which is due to free exciton recombination, see red 
curve. Recently, the split of recombination energy of bound exciton or free exciton states 
was observed in pure hBN crystals which were explained by Jahn-Teller effect [4.49]. 
Thus, we claim that the narrow observed in our powder sample is mainly due to 
recombination of bound exciton. The broad peak, as pointed out in Ref. [4.50], was 
combination of deep donor-acceptor pairs (DAP) and impurity related transition. By 
controlling sampling quality and impurity level, such broad peak can be suppressed in 
pure hBN crystals.  
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        When hBN powders are illuminated at 412.51 nm, both two bands were still 
observed. The narrow peak was located at same position compared with one photon 
excitation. However, the broad peak shifted to higher energy which could be induced by 
inefficient excitation of DAP with lower transition energy. To further investigate 
luminescence mechanism, we measured PL with photon energy range from 2.94 eV to 
3.18 eV. As shown in Fig. 4.15(a), the integrated intensity of PL as a function of 
excitation photon energy exhibits a resonance peak at ~ 3 eV, Such resonance could be an 
indication that the midgap states play an important role in two-photon induced PL. 
Namely, when the excitation photon energy is resonant with the energy difference 
between midgap states with valence band or conduction band, the absorption will be 
increased dramatically. Similar phenomenon has been observed in multiple-photon 
absorption experiment in GaN [4.51]. These midgap states in BN could be originated 
from carbon or oxygen contents which commonly exist in hBN powders. Nitrogen or 
boron vacancy could also result in such energy states. Recent calculation using many-
body perturbation theory points out that the substitution carbon impurity on the nitrogen 
sublattice, or the boron and nitrogen vacancy could induce midgap states [4.52], although 
the exact energy level is not consistent with our experiment.  
        We have studied pump power dependence of two-photon excited PL intensity, as 
shown in Fig. 4.15(b). For pump power below 250 mW, the data can be well fitted by 
square law which is consistent with two photon absorption. However, the deviation is 
observed when the pump power is further increased up to 470 mW. Such saturation effect 
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can be expected if midgap states play a role in the process of two-photon absorption since 
the concentration of purity or defect is limited in hBN. 
 
Fig. 4.16. (a) PL intensity as a function of excitation photon energy. The 
blue line is guide for eye. (b) PL intensity as a function of pump power. 
The cross corresponds to experiment data. The red curve is quadratic fit 
for first 12 points. 
        In conclusion of this section, we have measured two-photon excited 
photoluminescence in commercial hexagonal boron nitride powders. Through photon-
energy resolved excitation, we find that the midgap states will enhance such two-photon 
absorption. 
 
 
4. 6.  Summary 
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        To give a short summary for this chapter, we measure the PL signal from several 
InGaN/GaN and GaN/AlN QWs. For InGaN/GaN QWs, we have determined the 
emissions peaks from localized states and extended states have been observed on the 
InGaN/GaN QWs. Through pump probe differential PL measurements, we confirm that 
the fast decay originates from the lifetime of the carriers in extended states whereas the 
slow decay is the manifestation of the recombination of the carriers at localized states. 
For GaN/AlN asymmetric coupled QWs, we report the observation of deep ultraviolet 
photoluminescence peaks with their energies as high as 5.061 eV, which is attributed to 
the recombination of electrons in the AlN coupling barrier with heavy holes in the GaN 
QWs. Compared with the single QW, the PL intensity is significantly enhanced by as 
much as two orders of magnitude. When the sample temperature is increased, PL 
quenching is observed due to the relocation of electrons from the AlN coupling layer to 
the GaN quantum well. We also observed the multi-photon absorption induced 
photoluminescence in GaN thin film and BN powder. 
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Chapter 5.  Transverse Nonlinear Generation in 
GaN/AlGaN Waveguide 
 
5. 1.  Introduction 
        Semiconductor materials, due to their large nonlinear coefficient, have been 
investigated for nonlinear generation for various applications including second harmonic 
generation [5.1], terahertz generation [5.2] and etc. Previously, semiconductor materials 
such as GaAs [5.1], GaSe [5.2], GaP [5.3], have been studied. On the contrary, the 
nonlinear behavior of GaN has not been well studied due to the fact that material’s 
growth technology of GaN has only been mature less than twenty years. Although, 
compared to GaAs or LiNbO3, the second order nonlinear coefficient of GaN is smaller, 
it is still much larger than some basic nonlinear optical crystals such as KDP, BBO, see 
Table 5-1. Moreover, GaN holds its special advantage compared to GaAs or LiNbO3 due 
to its wider transparency window. Futhermore, due to recent progress of GaN based laser 
source, nonlinear device based on GaN can be easily integrated on single chip. 
       In the past, parametric conversion in transverse geometry has been studied in theory 
[5.4-5.6] and experiment [5.7-5.10] for its potential application as a source of entangle 
twin photons. The quasi-phase matching (QPM) is typically achieved by the use of 
alternating AlxGa1-xAs/AlyGa1-yAs layers of which the preiod is well designed to 
compensate the wavevector of pump beam. Based on such structure, the conversion 
- 87 - 
 
efficiency of 10
-11
 and around 12000 generated pairs/second has been achieved [5.7], 
which is well suited for current standards in quantum-key distribution protocols.  
        It has been pointed out the signal-to-noise ratio (SNR) in these structures has been 
influenced by GaAs substrate [5.7]. Indeed, in order to generate twin photon pairs source 
around 1.55 um, the wavelength for pump laser should be around 775 nm. The photon 
energy of such pump is already larger than the bandgap of GaAs substrate which will 
result in spurious deep level emission, increasing the background noise. In this chapter 
we design a GaN/AlGaN based waveguide for transverse nonlinear generation to 
suppress interband direct absorption by utilizing its large bandgap. 
Table 5-1. Second order nonlinear susceptibility and transparency window 
of several semiconductor and basic nonlinear optical materials. 
Materials d (pm/V) λ (µm) 
GaN d33= -16.7±1.3, d31= 8.2±0.7 0.37-13.6 
GaAs d14= 72 0.87-13 
GaSe d22= 54±10.8  0.62-20 
LiNbO3 d33= -27.2±1.3 d31= -4.35±0.44 0.4-5.5 
KDP d36= 0.39 0.174-1.57 
BBO d22= 2.3, d31= 0.16 0.189-3.5 
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5. 2.  Design of GaN/AlGaN waveguide         
        Fig. 5.1 shows the geometry of GaN/AlGaN for transverse nonlinear generation. The 
pump laser will be illuminated on waveguide nearly along z-axis and its generated signal 
and idler will be propagated along y-axis. The wavelength of pump laser is set as 410 nm. 
In such case, the wavelength of counter propagated photon pair will be around 820 nm. 
The sample structure from top to bottom consists of: 30× [Al0.144GaN (41.8 nm) / 
Al0.593GaN (45.1 nm)] / 3×[GaN (81.1 nm) / Al0.593GaN (90.2 nm)] + GaN (81.1 nm) / 
40×[Al0.593GaN (45.1 nm) / Al0.144GaN (41.8 nm)] / GaN substrate, see Fig. 5.1 for 
sample scheme profile. The width and length for the waveguide are 6 um and 2 mm 
respectively. The top 30 and bottom 40 periods of Al0.144GaN (41.8 nm) / Al0.593GaN 
(45.1 nm) works as distributed Bragg reflector (DBR) mirrors, of which the thickness of 
each layer should be quarter of pump wavelength inside material. The 3.5-period GaN 
(81.1 nm) / Al0.593GaN (90.2 nm) performs as nonlinear generation layer which will meet 
the condition of  quasi-phase match. The thickness of each layer should be half of the 
wavelength inside the multilayer structure. The ordinary and extraordinary refractive 
index of AlxGa1-xN can be found elsewhere [5.11], which is shown in Fig. 5.2. Thus, the 
thickness of each layer can be determined.  
        The reflection of top 30 and bottom 40 periods of Al0.144GaN / Al0.593GaN DBR 
have been simulated by Rsoft. The dispersion of the material has been considered. As is 
illustrated in Fig 5.3, the refection of top and bottom DBR are 92% and 99%, respectively. 
The reflection window is around 20 nm and centered at 410 nm. 
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Fig. 5.1. (a) Scheme of GaN/AlGaN waveguide. QPM stands for quasi-
phase match and DBR stands for distributed Bragg reflector. (b) Scheme 
of momentum conservation.  
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Fig. 5.2. Ordinary refractive index problem along z direction. The 
wavelength is chosen as 820 nm and polarization is along x direction.         
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Fig. 5.3. (a) Reflection of top and bottom DBR. (b) Electric field 
amplitude profile of first TE mode. (c) Electric field amplitude profile of 
first TM mode.    
        Since the average index of QPM core layer is larger than the top and bottom DBR 
layer, guided mode of two counter propagated beam exits in such AlGaN waveguild 
which will effective confine the downconverted beams. Fig. 5.3(a) and (b) is a simulation 
using Rsoft. The polarization of TE mode is along x axis while that of TM mode is along 
z axis. The wavelength is chosen as 820 nm for both TE and TM mode. 
        Two phase-matched processes occur simultaneously in our sample: one where the 
signal is TE polarized and the idler is TM, and the other where the signal is TM and the 
idler is TE. In these two processes, the output spectra will be different mainly induced by 
birefringence of the wurtzite AlxGa1-xN. Considering the energy and momentum 
conservation, the center wavelength for signal and idler of such two processes can be 
determined by the following to equation set:   
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                                                              1/ 1/ 1/p s i                                                            (5-1) 
sin / ( ) / ( ) /p TM i i TE s sn n        
or:  
   1/ 1/ 1/p s i                                                                         (5-2) 
sin / ( ) / ( ) /p TE i i TM s sn n        
where nTM and nTE are effective indices for guided mode, which can be calculated by 
numerical simulation, see Fig. 5.4. The first equation of each set is required by energy 
conservation and the second is required by momentum conservation in y direction. The 
momentum of pump beam in z direction is compensated by QPM layer. Substituting the 
value of nTM and nTE into equation set (5-1) and (5-2) respectively, we can calculate the 
wavelengths of emitting photon pairs as function pump incident angle which are shown 
in Fig. 5.5. 
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Fig. 5.4. Effective index of TE and TM mode in GaN/AlGaN waveguide 
from 800-840 nm. 
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Fig. 5.5. Wavelength of generated photon pairs as function of pump laser 
angle. The angle is defined in Fig. 5.1 (a). 
        The designed structure of GaN/AlGaN waveguide can be used for nonlinear 
generation for different situation such as second harmonic generation [5.8], backward 
difference frequency generation or optical parametric amplification [5.4, 5.10], optical 
parametric oscillation [5.4] and optical parametric fluorescence [5.7]. 
 
 
5. 3.  Surface emitting second harmonic generation  
        The first or easiest step to characterize the structure and see the enhancement 
induced by the cavity is to measure the surface emitting second harmonic generation, 
which is the reverse process of optical parametric fluorescence. In such condition, two 
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fundamental laser beams will be coupled into waveguide in counterpropagate direction.  
Very detailed calculation about such condition has been present already elsewhere [5.5]. 
Here we just simple use the equation in such reference to calculate the conversion 
efficiency in our experiment setups. 
        According to Ref. [5.5], the conversion efficiency for surface emitting second 
harmonic generation in such structure is determined by 
2
[1 exp( )][1 exp( )]
1
r
l r
r
R
a R R a
R
     

                                        (5-3) 
Where, Rr and Rl are Fresnel reflection of right and left facets of waveguide. The 
parameter a is related to normalized pump power,  
n
s
P
P
P
                                                                (5-4) 
through following equation: 
[1 exp( )]
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a R R a
P
R a
 

 
                                                   (5-5) 
and the saturation power is given by 
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where, λ is the laser of fundamental wave, nω and n2ω is the refractive index of 
fundamental wave and second harmonic output. W, t, L are the width and thickness of the 
waveguide within which the two fundamental beams counter-propagate. η0 is the vacuum 
impedance. teff is the spatial overlap (in the unit of length) among the spatially-modulated 
second-order nonlinear coefficient, the mode profiles for the two counterpropagate beams 
and spatial component of the second harmonic output electric field, which is defined by 
following equation: 
2 2 2/ [ ( ) ( ) ( ) ( ) ]eff TE TM SHt d d z z z z dz                                        (5-7) 
        Obviously, the lower is the saturation power the more efficient is the frequency 
doubler. According to equation (5-6), Ps depends on the mirror reflectivity, Rt and Rb. Let 
us consider the generation of the 410 nm UV beam from the 820 nm Ti:sapphire laser. 
Based on our simulation, the value of Rt and Rb are 0.92 and 0.99 respectively. The 
second-order optical susceptibility element dxzx provides the nonlinear coefficient for 
frequency doubling. This coefficient requires that the two pump and UV beams have the 
polarizations parallel to z, x, and x. According to Ref. [5.12], the difference between the 
nonlinear coefficients of the Al0.593GaN and GaN is calculated to be Δd = 3.3 pm/V. 
Substitute W = 6 um, L = 2mm, teff/t = 10, Rr = Rl = 0.15, the saturation power is 
determined to be Ps = 68 kW.  
        Now, considering the laser used in this experiment is a Ti: sapphire laser of which, 
the average total power is up to 1 W. Thus, the average of each beam is around 500 mW.  
Assuming the pulse width is 10 ps and repetition frequency is 80 MHz, the peak power is 
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1.25 kW. In such case, the parameter a calculated by equation (5-4) and (5-5) is 
determined to be around 0.0217. Thus, the conversion efficiency can be determined 
through equation (5-3) to be 0.6%. The average output thus is around 3 mW which can be 
very easy to be observed. 
 
 
5. 4.  Summary and future outlook         
        In this chapter, we have designed a GaN/AlGaN multilayer waveguide for nonlinear 
generation, which can be used for surface emitting second harmonic generation, 
backward difference frequency generation, and parametric fluorescence down conversion. 
The conversion efficiency for surface emitting second harmonic generation has been 
calculated as an example. The future work should be focused on fabricating a real sample 
for various experiments.  
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Chapter 6.  Summary and Future Outlook 
 
 
        In this chapter, we will briefly summarize the results achieved in this thesis and 
recommend several directions to continue the research on novel optical study and 
application on III-Nitride materials.  
        We first present how we can utilize the broadband THz generation in InGaN/GaN 
heterostructures in chapter 2. In experiments we have observed submicrowatt THz 
emitting from an 8-period In0.25GaN/GaN QWs. If considering the thickness of sample 
and the power of laser we used, the generation efficiency of InGaN/GaN QWs is one of 
the highest. Through study THz output as a function of incident angle, polarization angle 
of laser and azimuthal angle of sample, the generation is attributed to diople radiation 
induced by internal field of InGaN/GaN heterostructure. The correlation behavior 
between THz and PL is also consistent with dipole ridation as generation mechanism. 
The calculated power of 8-period In0.25GaN/GaN QWs based on diople is higher than we 
get from the experiment for around 60 times. The reason could be collection and coupling 
loss. In principle, we could further increase the THz output power for 100 times by 
narrowing the laser pulse width, increase the period number of InGaN QWs until the 
laser is fully absorbed, and increase the pump power. The saturation of the THz output 
power is expected and observed in experiment due to the screening effect of 
photogenerated carriers. By using a capacity model, we can estimate the total power per 
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area stored inside InGaN/GaN QWs. Such model also reveals the high THz generation 
efficiency is attributed to the extreme high electric field which is up to MV/cm. In the 
end of chapter 2, we study the THz generation in InGaN/GaN dot-in-a-wire 
nanostructures. By adding external reverse field on InGaN/GaN dot-in-a-wire LED 
structure, the THz output power is increased more than 4 times.  
        If the project is continued in future, we should optimize the structure of InGaN/GaN 
QWs to scale up absolute THz output power. Due to its unique 3D nanostructures, the 
novel application of THz generation on InGaN/GaN dot-in-a-wire is also worthwhile to 
be further studied. For example, we should explore could we only use several or even on 
nanowire to generate THz beyond noise level of best THz detector. At last, we should 
never forget the THz is generated by the power stored inside InGaN/GaN heterostructures 
due to its extreme large built-in electric field. Other applications based on such capacitor 
model should be further explored. 
        In chapter 3, we present some primary results of phonon assisted anti-Stokes PL on 
freestanding GaN. Such experiment phenomena could be utilized for laser cooling. In 
experiment, we demonstrate that our anti-Stokes PL of GaN is due to phonon assisted 
absorption by measuring the power dependent and temperature dependent PL. For power 
dependence, unlike pump below 400 nm that PL qudratically depends on laser power, 
when pump 1-LO phonon energy below PL peak, the intensity is proportion to laser 
power. For temperature dependence, the phonon assisted anti-Stokes intensity is 
increased with temperature.  
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         If this project is continued in future, we should not only focus on finding high 
quality GaN to pursue laser cooling effect but also provide detail theory study what is the 
limitation of laser cooling on GaN.  
        In chapter 4, we have outlined the PL experiment results on different III-Nitride 
materials. PL is a very powerful experimental method to study semiconductor materials 
from fundamental physical properties and novel applications. Indeed, although, III-
Nitride already has wide application, there are still a lot of fundamental issues waiting to 
be clarified. For example, in such chapter, we have observed to slow and fast channel 
decay in InGaN/GaN QWs. In future, also we do not know what kind of project of III-
Nitride will be studied, but we should keep in mind that PL is a powerful experiment 
method which could be used to clarify the mechanism.  
        In chapter 5, we have explored the nonlinear generation in III-Nitrides. Considering 
its larger transparency window and relative larger nonlinear coefficient, we believe 
nonlinear generation based on III-Nitrides is definitely worthwhile be investigated. Here, 
we designed a GaN/AlGaN multiple layer waveguide for transverse nonlinear generation. 
As an example, the conversion efficiency and output power of surface emitting second 
harmonic generation has been calculated. Such structure has potential application for 
quantum information and phase conjugation. In future, designed structure should be 
fabricated for various experiments such as surface emitting second harmonic generation, 
backward difference frequency generation and optical parametric fluorescence. The 
nonlinear generation on GaN is definitely worthwhile to be intensively further explored  
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        At last, we want to emphasize that this thesis is based on an idea that since III-
Nitrides have been and will be continuously intensively studied for application of light 
emitting devices and high electron mobility transistors, we should seek various novel 
applications by taking advantage of the foresee mature III-Nitrides technology. 
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